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ABSTRACT  
   
The basic scheme for photosynthesis suggests the two photosystems existing in 
parity with one another. However, cyanobacteria typically maintain significantly more 
photosystem I (PSI) than photosystem II (PSII) complexes. I set out to evaluate this 
disparity through development and analysis of multiple mutants of the genetically 
tractable cyanobacterium Synechocystis sp. PCC 6803 that exhibit a range of expression 
levels of the main proteins present in PSI (Chapter 2). One hypothesis was that the higher 
abundance of PSI in this organism is used to enable more cyclic electron flow (CEF) 
around PSI to contribute to greater ATP synthesis. Results of this study show that indeed 
CEF is enhanced by the high amount of PSI present in WT. On the other hand, mutants 
with less PSI and less cyclic electron flow appeared able to maintain healthy levels of 
ATP synthesis through other compensatory mechanisms. Reduction in PSI abundance is 
naturally associated with reduced chlorophyll content, and mutants with less PSI showed 
greater primary productivity as light intensity increased due to increased light penetration 
in the cultures. Another question addressed in this research project involved the effect of 
deletion of flavoprotein 3 (an electron sink for PSI-generated electrons) from mutant 
strains that produce and secrete a fatty acid (Chapter 3). Removing Flv3 increased fatty 
acid production, most likely due to increased abundance of reducing equivalents that are 
key to fatty acid biosynthesis. Additional components of my dissertation research 
included examination of alkane biosynthesis in Synechocystis (Chapter 4), and effects of 
attempting to overexpress fibrillin genes for enhancement of stored compounds (Chapter 
5). Synechocystis is an excellent platform for metabolic engineering studies with its 
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photosynthetic capability and ease of genetic alteration, and the presented research sheds 
light on multiple aspects of its fundamental biology.  
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CHAPTER 1 
INTRODUCTION 
 
BACKGROUND ON CYANOBACTERIA  
Cyanobacteria are bacteria that perform oxygenic photosynthesis. Forming the 
phylum Cyanophyta, cyanobacteria represent an ancient lineage of organisms that 
originated on Earth approximately 2.3 billion years ago and that are associated with the 
oxygenation of Earth’s atmosphere (Drews, 2011). Cyanobacteria also are important to 
the development of photosynthetic capacity in eukaryotic cells, according to 
endosymbiont theory (Dyall et al., 2004; Margulis, 1981). It is thought that an important 
step in the development of eukaryotic cells was the engulfment and incorporation of 
bacterial cells within another cell, forming the mitochondrion and the chloroplast as 
organelles; chloroplasts are surmised to have been initially developed from incorporation 
of cyanobacteria into a eukaryotic cell already carrying mitochondria (Dyall et al., 2004). 
Bolstering this theory is the presence of simplified circular genomes present within these 
two organelles, separate from eukaryotic nuclear DNA, although many organellar genes 
have been transferred to the nucleus (Martin et al., 2002). Indeed, 18% of the nuclear 
genes of Arabidopsis thaliana are thought to have been transferred from the chloroplast 
to the nuclear genome (Martin et al., 2002). Furthermore, there is tremendous similarity 
in the photosynthetic structures of cyanobacteria, plants and green algae, and all three 
taxonomic groups perform oxygenic photosynthesis (Blankenship and Hartman, 1998). 
Photosynthesis takes various forms, but oxygenic photosynthesis is characterized 
by the use of water as an electron donor for the photosynthetic electron transport chain. 
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Also common to the lineages that carry out oxygenic photosynthesis are photosystem II 
(PSII), the donor side of which participates in water oxidation, and photosystem I (PSI), 
the acceptor side of which allows reduction of molecules for use in downstream 
metabolic reactions (Blankenship and Hartman, 1998). Typically, the most immediate 
reduction event upon leaving the photosynthetic chain is that of NADP+ (nicotinamide 
adenine dinucleotide phosphate, oxidized form) being reduced to NADPH (nicotinamide 
adenine dinucleotide phosphate, reduced form), which can immediately participate in the 
Calvin-Benson-Bassham (CBB) cycle that carries out carbon fixation (Bassham, 1965; 
Calvin, 1956, though the role of NADPH was not fully understood at the time). Between 
the two photosystems electron transport occurs, via the cytochrome b6f (cyt b6f) complex, 
and resulting in a proton gradient that is used to drive ATP synthase (Schottler et al., 
2015). 
 
SYNECHOCYSTIS SP. PCC 6803  
Cyanobacteria inhabit a variety of ecosystems on Earth, with species found in the 
ocean, freshwater, and terrestrial habitats such as desert crusts, with diverse metabolic 
processes enabling viability in different environments. One strain of cyanobacteria that 
has been studied extensively is Synechocystis sp. PCC 6803 (hereafter Synechocystis), 
which is a coccus-shaped cyanobacterium of order Chroococcales; the strain was 
originally isolated from a freshwater site near Oakland, California (Kopf et al., 2014). 
Synechocystis is a model organism for studies in photosynthesis, and it was the first 
cyanobacterium to have its full genome sequenced, which was completed in 1996 
(Kaneko et al., 1996). Synechocystis exhibits spontaneous transformation and double-
  3 
homologous recombination, which facilitate genetic study of this organism (Ikeuchi and 
Tabata, 2001). This provides the potential to modify a wide variety of proteins and, 
therefore, metabolic processes through genetic modification. There are up to 12 copies of 
the circular genome within each Synechocystis cell (Labarre et al., 1989), so its genetic 
engineering requires a process of segregation, typically through the use of increasing 
concentrations of antibiotics (in transformants designed with antibiotic-resistance), to 
ensure full alteration of each genome copy (Eaton-Rye, 2004).  
Being photosynthetic in nature, Synechocystis can use carbon dioxide from the air 
as its primary carbon source (photoautotrophic growth), but it is also able to grow with 
glucose added (photomixotrophic growth) or with glucose as its only carbon source 
(photoheterotrophic growth) (Saha et al., 2016). It is possible Synechocystis can also 
utilize other carbon sources, though the breadth of carbon sources for Synechocystis has 
not been fully evaluated. Photosynthetic microbes in general show potential for biofuel 
and biomaterial production as they can be grown quickly with minimal resources (Anfelt 
et al., 2015). Some, such as Synechocystis, are highly amenable to genetic manipulation, 
enabling alteration of metabolic pathways (Anfelt et al., 2015), while simultaneously 
allowing us to address fundamental biological processes within this organism, which 
traditionally has been known for its contribution to our oxygenated atmosphere. 
 
PHOTOSYNTHETIC ELECTRON FLOW  
The primary chemical products of photosynthesis are adenosine triphosphate 
(ATP) and NADPH. Both ATP and NADPH are involved in multiple cellular processes, 
but ATP is predominantly an intracellular energy carrier, while NADPH provides 
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reducing power for many anabolic activities. A determinant of the stoichiometry of these 
products may be the process of cyclic electron flow (CEF) around photosystem I (PSI) 
(Allen, 2002; Arnon et al., 1959) – the significance of which remains an open question in 
photosynthesis research.  
The two types of photosystems used in oxygenic photosynthesis, PSII and PSI, 
have the same evolutionary origin and are similar in their capacity to use light energy 
transfer and charge separation to transport electrons; however, they have different 
structures and functions within the photosynthesis process (Boichenko, 2004). 
Photosystem II consists of the larger proteins D2, D1, CP43, CP47 and PsbO, with 
multiple smaller subunits and accessory proteins as well as pigment and mineral cofactors 
(Nelson and Yocum, 2006). When light excites P680 chlorophyll in PSII, it becomes 
oxidized with an electron moving to pheophytin. At the donor side of PSII is the water-
splitting (also known as oxygen-evolving) complex, where oxidation of water releases 
oxygen, protons and electrons. Electrons are extracted from water by a MnO4 cluster and 
used to reduce a tyrosine called TyrZ, an electron from which had reduced the oxidized 
P680 reaction center chlorophyll upon its charge separation by light (Renger and 
Govindjee, 1985). After leaving pheophytin, an electron moves on to one quinone, QA, 
and then another, QB, which forms a semiquinone state until it is reduced by a second 
electron and protonated; the resulting plastoquinol is exchanged with the plastoquinone 
(PQ) pool in the thylakoid (Schuurmans et al., 2014). Plastoquinol is oxidized at the 
cytochrome (cyt) b6f complex, where movement of electrons through hemes and a Rieske 
iron-sulfur (FeS) cluster is paired with that of protons entering the complex from the 
cytosol, en route to the thylakoid lumen (Schottler et al., 2015). Electrons from cyt b6f are 
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then carried to PSI by plastocyanin (PC) or cytochrome c6 in Synechocystis. The PSI 
complex in cyanobacteria contains two large proteins, PsaA and PsaB (Golbeck, 1992; 
Xu et al., 2001) and 10 smaller proteins (Jordan et al., 2001; Mazor et al., 2015), 
chlorophyll, carotenoid and lipid cofactors and P700 reaction center chlorophylls. Upon 
excitation by light, P700 is oxidized and the electron is transferred to the Ao chlorophyll, 
which subsequently transfers its electron to the phylloquinone A1, and from there to a 
series of iron-sulfur clusters, called FX, FA and FB, and ultimately to ferredoxin (Fd). After 
P700 oxidation by light, electrons from PC (or cytochrome c6) reduce the P700+ (Nelson 
and Yocum, 2006). Figure I-1 shows a schematic of electron flow in photosynthesis 
(Govindjee and Veit, 2010). 
 
Figure I-1. Z-Scheme of Photosynthesis. This model shows both linear electron flow 
(LEF) and CEF (dashed arrow from FD to PQ). Image by Govindjee and Veit (2010) 
taken from http://www.life.illinois.edu/govindjee/Z-Scheme.html. 
 
The reducing equivalent on Fd has a variety of possible fates. To contribute to the 
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CBB cycle, electrons from PSI interact with ferredoxin-NADP reductase (FNR), reducing 
NADP+ to NADPH (Nelson and Yocum, 2006). Electrons can also participate in a water-
water cycle, often thought to be mediated in cyanobacteria by a flavoprotein heterodimer 
(of Flv1 and Flv3 proteins, discussed later in this chapter; Helman et al., 2003). 
Alternatively, they can return to the photosynthetic electron transport chain through a 
process called cyclic electron flow (CEF) (Yamori and Shikanai, 2016), or the electrons 
can be used by hydrogenase or other processes (Mullineaux, 2014). 
In CEF, an electron leaving the acceptor side of PSI will be returned to the 
photosynthetic electron transport chain (Arnon et al., 1959), at either the PQ pool 
upstream of cyt b6f or through interaction with cyt b6f itself, through one of a few 
pathways, the existence or importance of which may vary by taxon. In one pathway of 
CEF in Synechocystis, that is NAD(P)H dehydrogenase- (NDH-1)-dependent, electrons 
that have reduced NADP+ to NADPH pass through NDH-1 and enter the PQ pool prior to 
entering cyt b6f and traveling on through PSI (Kramer and Evans, 2011; Battchikova et 
al., 2011; Shikanai, 2007). In a second pathway that is quite common in plants, and that is 
proton gradient regulator-5- (PGR5)-dependent, the transport process may involve 
passage of an electron from Fd using a putative Fd-PQ reductase (FQR) and a protein 
called PGR-5, named for “proton gradient regulation” and originally described using 
Arabidopsis thaliana thylakoids (Kramer and Evans, 2011; Shikanai, 2007). FQR has 
been theorized but is so far unidentified and may not even be necessary for this pathway 
(Iwai et al., 2010). As with the first pathway, this second pathway results in the electron 
returning to the electron transport system in the PQ pool upstream of cyt b6f. A third 
possible pathway for CEF in Synechocystis may involve a direct interaction between FNR 
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and the Qi site on the cytosolic side of cyt b6f, in which case the electron enters cyt b6f 
directly (Kramer and Evans, 2011). The amount of the product of CEF, being ultimately 
ATP, depends on how many protons pass through cyt b6f per electron, and it is suspected 
that according to presence of a process thought to occur in cyt b6f called the Q-cycle, two 
protons can be transferred from cytosol to lumen per electron transferred (Schuurmans et 
al., 2014). In the Q-cycle (Figure I-2), while one PQH2 from PSII gets oxidized in the 
Rieske protein of cyt b6f, another PQH2 travels to the cytoplasmic side of cyt b6f where a 
semiquinone is generated – overall for every two PQH2 that enter cyt b6f from PSII, 
another PQH2 is generated by the Q-cycle; also, an extra proton is transported into the 
lumen in this process (Dumas et al., 2016). 
 
Figure I-2. A Model of the Q-cycle of Cytochrome b6. Taken from Dumas et al. (2016). 
 
 The process of CEF adds to overall proton motive force (pmf) at the expense of 
reduction of NADP+ to NADPH (Allen, 2002). In CEF, as an electron returns to the 
electron transport chain between the photosystems, it carries a proton with it that is 
released on the luminal side of the membrane, thus lowering the pH of the thylakoid 
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lumen. The lower pH in the thylakoid lumen arising from CEF can result in greater 
synthesis of ATP from ATP synthase activity in the thylakoid membrane (Allen, 2002). 
The ultimate, immediate end products of LEF, on the other hand, are oxygen, pmf and 
reductant (Nelson and Yocum, 2006). LEF produces one NADPH for every two 
electrons, with 4-6 protons carried to the thylakoid lumen (six according to Allen, 2002), 
with the greater amount of pmf dependent on the presence of a Q-cycle in cyt b6f. LEF 
typically adds to the reductive status of a cell, mostly via NADPH. Electrons also can 
contribute to reduction of oxygen to water in a water-water cycle (Yamori and Shikanai, 
2016). For most metabolic purposes, NADPH and ATP are the most useful products of 
photosynthesis (Schottler et al., 2015).  
The stoichiometry of H+ to ATP synthesized is at least four for Synechocystis 
according to biochemical analysis (van Walraven et al., 1996). Structural and protein 
electrophoretic analyses of Fo-ATP synthase from Synechocystis suggest a c-ring 
structure of 14 subunits, leading to a likely ratio of H+/ATP of 4.67, with three ATP 
generated per 14 subunits (Pogoryelov et al., 2007). The CBB cycle relies on oxidation of 
NADPH, and is driven by ATP hydrolysis, at an overall ratio of 3:2 ATP:NADPH 
(Bassham and Krause, 1969; Allen, 2002), at unity with linear electron transport if 
H+/ATP is exactly four and allowing for a Q-cycle. Various environmental conditions 
and metabolic pathways require specific ratios of ATP:NADPH (Kramer and Evans, 
2011), and fatty acid biosynthesis requires a ratio of ATP:NADPH of 1:2 following 
generation of acetyl-CoA (Volpe and Vagelos, 1976). Overall the amount of ATP 
provided by respiration is meager in cyanobacteria, with substantially more of the 
required ATP supplied by photosynthesis instead (Vermaas, 2001). Due to the ratio of 
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ATP:NADPH that is produced by strictly LEF, it is likely that metabolism, from the CBB 
cycle onward, requires some degree of CEF in order to maintain sufficient ATP for 
normal biochemical processes. The ATP-requiring processes include in very large parts 
(beyond simply carbon fixation) RNA synthesis, peptide bonds and operation of active 
transporters, among other components of cellular activity; proportions of these highly 
ATP-consumptive processes have been detailed in mammalian cells, with protein 
synthesis, DNA/RNA synthesis and transporters being heavy consumers of ATP at 34%, 
25% and 33% of total consumption, respectively (Buttgereit and Brand, 1995). 
While the necessity of CEF may be suggested by observations such as the 
structure of ATP synthase or the requirements of various biochemical pathways, another 
way to look at ATP requirements for a cell would be to consider how many ATP 
molecules might be needed to form a new cell. According to the Bionumbers website 
(bionumbers.hms.harvard.edu), formation of a new Escherichia coli cell requires 10-50 x 109 
ATP molecules. Extrapolating this to two division of Synechocystis cells per day, that 
would equate to roughly 2 x1010 to 1 x 1011 ATP molecules per day.  
 If there are 1.4 x 107 chlorophyll molecules per cell in Synechocystis (Keren et al., 
2004), then that allows up to approximately 40,000 PSII complexes per cell. The amount 
of ATP that could be generated by LEF in a day (with continuous saturating light) would 
be limited by passage time through cyt b6f (Hasan and Cramer, 2012), which is 
approximately eight ms at saturating light intensity. For each electron that passes through 
LEF, there 2-3 protons that enter the thylakoid lumen (two without or three with a Q-
cycle present). If the ratio of protons to ATP synthesized is 4.67, and there are three PSI 
complexes per PSII complex, then the total capacity for LEF with 40,000 PSII complexes 
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gives 1.9-2.8 x 1011 ATP per cell per 24 hours. While this number is on the order of or 
slightly greater than the amount required per day for biomass, this does not account for 
the fact that most of the 24 hours of a day are not spent with sufficient light for 
photosynthesis – particularly with the assumption that two electrons pass through cyt b6f 
every 8 milliseconds at saturating light intensity, while in nature these organisms rarely 
would encounter saturating light to allow this – nor the important fact that a 
cyanobacterium fixes carbon (rather than relying upon intake of fixed carbon), which 
requires a considerable amount of the ATP that is generated through photosynthesis and 
which would be difficult for LEF to provide alone. This would suggest CEF is necessary 
in Synechocystis both for the daily requirements for ATP and for the required ratio of 
ATP:NADPH described earlier.  
 CEF therefore may be important for ATP formation, but while it is possible to 
quantify extracted ATP molecules taken from cells, study of ATP production is often 
fraught with poor quenching and/or sometimes difficult measurement techniques. 
Therefore, a primary goal of this project is to instead reduce the amount of PSI present in 
Synechocystis cells and determine what the phenotypic consequences of this are on cells, 
experienced over a range of percentages of PSI versus what is present in wild type (WT). 
Synechocystis naturally maintains a ratio of PSI:PSII of about 2-4:1, with a higher ratio at 
lower light intensities (Fujimori et al., 2005).  
 
COMPLEXITY OF CYANOBACTERIAL MEMBRANES  
Photosynthetic organisms possess the ability to harness light energy and convert it 
into electrochemical potential for biological processes. This electrochemical potential is 
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dependent on the presence of a biological membrane across which photosynthesis occurs. 
Although cyanobacteria may contain structures that appear to connect the thylakoid 
membrane with the cytoplasmic membrane (Nickelsen et al., 2011; Pisareva et al., 2011), 
thylakoids exist primarily as distinct membrane structures without a connection to the 
cytoplasmic membrane (Liberton et al., 2006; Pisareva et al., 2011). In contrast to the 
thylakoid membrane in cyanobacteria, the cytoplasmic membrane is simpler and more 
limited in terms of bioenergetics processes: while the cytoplasmic membrane likely 
contains respiratory complexes for generation of ATP (Mullineaux, 2014), the thylakoid 
membranes also contain respiratory complexes, which are interspersed within this 
membrane space that is shared with the photosynthetic complexes (Cooley and Vermaas, 
2001; Mullineaux, 2014). This means that there is a shared PQ pool for both 
photosynthesis and respiration in cyanobacterial thylakoids, and both processes may be 
occurring simultaneously. Figure I-3 depicts these processes operating in tandem, with 
both cytochrome oxidase and PSI being possible destinations for electrons entering the 
thylakoid lumen from cyt b6f, and oxidation of succinate by succinate dehydrogenase 
being a prominent respiratory source of electrons for the PQ pool (Cooley and Vermaas, 
2001; Mullineaux, 2014; Liu, 2016). In the thylakoid membrane, even though both 
photosynthetic and respiratory functions take place, the capacity for photosynthetic 
electron flow in this membrane is much greater than that for respiratory electron flow: 
when light is not a limiting factor, PSII, cyt b6f and PSI can transfer 1000, 1000 and 3000 
µmol electrons mg chl-1 h-1, respectively, while succinate dehydrogenase (SDH), 
cytochrome oxidase (COX) and NDH-1 can transfer 200, 200 and 20 µmol electrons mg 
chl-1 h-1, respectively (Vermaas, 2001).  
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Figure I-3. Cyanobacterial Thylakoid Membrane Complexity. The cyanobacterial 
thylakoid membrane shows greater complexity than that required for solely 
photosynthetic activities. Respiratory processes involving NDH-1, SDH and cytochrome 
oxidase also occur in this space and share the plastoquinone pool. Image taken from Liu 
(2016). 
  
Because of the complexity of cyanobacterial membranes there are a multitude of 
electron transfer pathways to fulfill the bioenergetic needs of the cell (Figure I-4). 
Succinate and/or NAD(P)H can become oxidized at either the cytoplasmic membrane or 
at thylakoid membranes, and the reducing equivalents that are released can drive protons 
across the membrane for use in ATP synthesis, prior to consumption of electrons to form 
water via a terminal oxidase (Pils and Schmetterer, 2001). In the thylakoid membrane, as 
described earlier, respiratory processes occur within the same physical space as 
photosynthetic processes do (Cooley and Vermaas, 2001; Mullineaux, 2014; Liu, 2016), 
and these processes may interact with each other. 
Photosynthetic processes in the thylakoid membrane consist of primarily linear 
electron flow (LEF) (Figure I-4(A)) and cyclic electron flow (CEF) (Figure I-4(C)) 
around PSI (Lea-Smith et al., 2016). Both processes are described in previous sections, 
but while the pathway of LEF is more straightforward, CEF can proceed by a few  
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Figure I-4. Electron Transport Processes in Synechocystis. Many electron transport 
processes co-occur in the cyanobacterial thylakoid membrane (TM) (A-C), with some 
processes also occurring in the cytoplasmic membrane (CM) (D). Electron flow is shown 
using black arrows. Electron carriers not previously defined are plastocyanin as PC and 
cytochrome c6 as C6. Image was derived, with some modifications, from Lea-Smith et al. 
(2016). 
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pathways that all may be operational around the thylakoid. Electrons can be carried 
directly to the PQ pool, where they can re-enter the cyt b6f complex and drive movement 
of protons to the lumen. Electrons can also be removed from NADPH by NAD(P)H 
dehydrogenase-1 or -2 (NDH-1 and -2) and re-enter the PQ pool (Figure I-4(B)) (Lea-
Smith et al., 2016). While other pathways potentially exist, there is already known to 
exist great complexity in the cyanobacterial thylakoid for bioenergetic processes (Liu 
2016; Lea-Smith et al., 2016). Furthermore, electrons that are used to reduce P700 in PSI 
do not necessarily come directly from PSII, but may come instead from respiratory 
processes or CEF around PSI complexes themselves. The capacity for respiratory 
processes feeding electrons into the PQ pool in Synechocystis may be small, but it is still 
present (Mi et al., 1992); e.g., protons pumped into the lumen through photosynthesis can 
be augmented by protons pumped through NDH-1. Furthermore, cytochrome oxidase 
activity can oxidize the PQ pool (Lea-Smith et al., 2016), with possible effects on 
electron flow between PSII and PSI. Respiration, as indicated above, occurs in the 
thylakoid membrane along with photosynthesis, but it also occurs along the cytoplasmic 
membrane (Figure I-4(D)) (Lea-Smith et al., 2016). 
 
FLAVOPROTEINS IN SYNECHOCYSTIS 
 There are multiple possible destinations for an electron leaving PSI’s loosely 
docked ferredoxin, and one partially characterized destination in cyanobacteria is that of 
flavodiiron enzymes (also known as flavoproteins (Flv)) (Helman et al., 2003; Zhang et 
al., 2009; Allahverdiyeva et al., 2011; Hasunuma et al., 2014). The Flv1/3 heterodimer 
(as well as possible homodimers of Flv1 and Flv3) appears to be a common destination 
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for electrons on the acceptor side of PSI, thought to arise through oxidation of NADPH, 
based on in vitro analyses (Helman et al., 2003; Vicente et al., 2002). A prevailing 
hypothesis surrounding the existence of Flv1/3 is that this complex is a destination for 
electrons in conditions of excess reducing equivalents, when there is no other place for 
electrons to safely go (Helman et al., 2003; Hackenberg et al., 2009). It is thought that the 
Flv1/3 pathway is a variation on the concept of the Mehler reaction, with excess electrons 
reducing oxygen to water and thus safely dissipating them (Helman et al., 2003; 
Hackenberg et al., 2009). If this were to be the case, a consequence may be that this 
system effectively steals electrons from other processes that occur downstream, and that 
deletion of this system could supply more reducing equivalents for use in optimization of 
engineered metabolic pathways. Figure I-5 shows a schematic of the current state of 
thought regarding how the flavoprotein system works in Synechocystis. 
 
 
Figure I-5. Function of Flavoprotein Heterodimer in Synechocystis. Excess electrons 
from Fd (possibly via NADPH) are thought to be used to reduce oxygen to water using 
this flavoprotein system. 
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 Studies on the topic of flavoproteins in Synechocystis still leave some open 
questions. It is apparent in the literature that when flavoproteins are deleted from this 
strain, rather than an increase in photosynthetic oxygen production, there is a marked 
decrease from WT levels (Helman et al., 2003; Zhang et al., 2009; Allahverdiyeva et al., 
2011). This is contrary to the notion that these flavoproteins are used to take substantial 
portions of electrons for reduction of oxygen to water. Also, more recent work has 
suggested that instead of existing statically as an Flv1/3 heterodimer, these proteins can 
exist in other combinations and configurations, which hints at differing functions of 
various combinations, such as a stress-related function for Flv3 acting alone and O2 
reduction for Flv1/3 heterodimers (Mustila et al., 2016). Additionally, if CEF is 
consequential for ATP:NADPH ratios, and flavoproteins are thought to remove electrons 
coming from photosynthesis, it is unclear yet what overall connection exists between 
these processes, and whether they operate discretely or together. Deletion of one or more 
flavoproteins, such as is done in the study presented in this volume, can help set the stage 
for study of these questions. 
  
OTHER MEMBRANE COMPONENTS AND RELATED STRUCTURES IN 
SYNECHOCYSTIS  
Other aspects of research included in this overall project include study of alkane 
biosynthesis and fibrillin protein expression. Biogenic alkane synthesis from 
cyanobacteria is a key area of research for biofuel production, but its chemistry and 
purpose for the organism are mostly unknown. Schirmer et al. (2010) noted that 
Synechocystis, among other cyanobacteria, is capable of synthesizing alkanes, in 
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particular heptadecane, and that genes involved in this process could be exogenously 
expressed in E. coli for secretion of alkanes. Dynamics of synthesis of alkanes is an area 
of study for this project.  
One structural and/or biochemical feature that may confer environmental 
adaptation through the storage and supply of membrane components is the class of 
proteins known as fibrillins (Austin et al., 2006), which have been characterized in plants 
as working at the interface of lipophilic and cytosolic phases to facilitate stress-adaptive 
processes, but which have just begun to be investigated in cyanobacteria (Cunningham et 
al., 2010). 
 
AIMS OF THIS RESEARCH 
The presented research addresses some fundamental aspects of Synechocystis 
membrane biology and potentially helps to optimize metabolic functions for the 
production of biofuels. Alkanes are of interest for their potential as a fuel source or 
component of fuel, although this is dependent on potential to synthesize sufficient 
quantities biologically. Fibrillin proteins are potentially able to assist with storage of 
lipids or lipophilic compounds in cells. Such a utility could have industrial use if 
enhancement of lipophilic compounds in cells is a desired goal of metabolic engineering.  
Overall goals of aforementioned projects include: 1) determining effects of 
altering electron transport processes through adjustment of photosystem stoichiometry 
(Chapter 2) and flavoprotein 3 deletion (Chapter 3); 2) elucidating some aspects of 
biogenic alkane synthesis, including whether this has a connection to the life cycles of 
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membrane components (Chapter 4); and 3) understanding the possible functions of 
fibrillin proteins through overexpression (Chapter 5).  
Synechocystis is a model organism for basic photosynthesis research as well as 
cell physiology and genomics. This organism is also an excellent platform for metabolic 
engineering studies with its photosynthetic capability and relatively well-annotated 
genome. The current set of studies aims to shed light on some basic aspects of all of these 
areas of study with greatest emphasis on elucidating processes that influence the interface 
between photosynthesis and its carbon-fixation products. Interesting effects of the 
reduction of PSI content on phenotype are explored as well as deletion of Flv3 and its 
consequences for laurate-secretion mutants. Additionally, the relationship between alkane 
biosynthesis and light is presented as well as the effects of an attempt at overexpressing 
fibrillin genes.  
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CHAPTER 2 
psaAB PROMOTER MUTAGENESIS AND CONSEQUENCES 
 
INTRODUCTION 
 
The light reactions of photosynthesis in cyanobacteria, algae and plants have long 
been understood to require excitation and electron transfer through both of two types of 
photosystems, photosystems I (PSI) and II (PSII), beginning with oxidation of water at 
the donor side of PSII and finishing with reduction of a moiety at the acceptor side of PSI 
(Allen, 2002). The Z-scheme that describes linear photosynthetic electron flow often 
shows the photosystems and the cytochrome b6f complex at parity (Govindjee and Veit, 
2010), although in many photosynthetic species the ratio between the two types of 
photosystems varies significantly, and even localization of PSII and PSI has been shown 
to vary within chloroplasts (Anderson and Melis, 1983). Disparity in the ratio and/or 
compartmentalization of PSI and PSII raises fundamental questions regarding how 
photosynthetic electron flow operates. 
 
Photosystem stoichiometry and cyclic electron flow 
The Z-scheme of photosynthesis suggests two photosystems working in tandem to 
efficiently operate linear electron flow. However, throughout taxa that perform oxygenic 
photosynthesis, photosystem I (PSI) and photosystem II (PSII) often do not exist at parity 
with one another and do show variable photosystem ratios (Vandenhecke et al., 2015). 
The ratio of photosystems and/or their efficiency may change with light quality (i.e., 
predominant wavelengths of light reaching the organism that preferentially excite PSI or 
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PSII) (Pfannschmidt, 2005), light intensity (i.e., with more light PSI decreases in 
abundance) (Vandenhecke et al., 2015; Herranen et al., 2005), or nutrient availability 
(i.e., nitrogen limitation affecting chlorophyll biosynthesis in cyanobacteria, with 
chlorophyll being primarily associated with PSI in cyanobacteria) (Moore et al., 2008); 
additionally, evolution of photosystem ratios may have occurred in tandem with trace 
mineral availability (i.e., iron, manganese and copper found in various components of 
photosynthetic systems) (Raven et al., 1999). Another explanation for photosystem 
disparity in some organisms may be that it is due to the relative amount of cyclic electron 
flow around PSI (CEF) that an organism needs for optimal function.  
In CEF, an electron that passes through PSI is directed back to the plastoquinone 
pool and/or cytochrome b6f complex on the stromal or cytosolic side of the thylakoid 
membrane, via ferredoxin (e.g., PGR5 pathway), NAD(P)H dehydrogenase (NDH-1), or 
any other mediator of CEF (Endo and Asada, 2006; Shikanai, 2007). In this process CEF 
contributes to proton motive force (pmf) by driving the flow of one or two protons (per 
electron) into the lumen, depending on presence of a Q-cycle, resulting in an increased 
ATP production per electron but without NADPH production (Allen, 2002). Changes in 
the amount of CEF may thus result in altered ratios of ATP and NADPH production 
(Yamori and Shikanai, 2016; Munekage et al., 2004; Okegawa et al., 2008; Avenson et 
al., 2005). In plants CEF is thought to mostly proceed via the PGR5 pathway, with NDH-
1 being a minor contributor to CEF (Finazzi and Johnson, 2016).  
The cellular ratio of PSI:PSII in the cyanobacterium Synechocystis sp. PCC 6803 
is often in the range from 2:1 to 4:1 (Fujimori et al., 2005), even in laboratory growth 
conditions in the presence of broad-spectrum light and abundant nutrients. This 
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stoichiometry does vary with light intensity and wavelength, with higher light intensity 
typically translating to less PSI, bringing the PSI amount closer to parity with PSII (Zhao 
et al., 2015; Fujimori et al., 2005; Herranen et al., 2005). In cyanobacteria, orange light 
causes PSII to become more excited by phycobilisomes and thus more photosynthetically 
active, leading to a state transition that enhances excitation of PSI, while red light has the 
opposite effect (Zhao et al., 2015). The PSI:PSII ratio in cyanobacteria (including 
Synechocystis) is typically higher than that of green algae (Murakami, 1997), with a 1:1 
ratio (Dumas et al., 2016), or plants (Melis, 1989), which typically have a ratio in the 
range of 1:1 to 1:2 (Dumas et al., 2016). An explanation for this disparity may be that 
CEF accommodates the fact that cyanobacteria lack mitochondria, and presence of more 
PSI may provide a greater capacity for CEF, which perhaps Synechocystis has a greater 
need for. Bundle sheath cells in C4 plants show enhanced CEF and no PSII, most likely 
to meet the greater need for ATP (Kimata-Ariga et al., 2000). Furthermore, growth and 
salt tolerance in a Synechocystis strain that lacks PSII and respiratory oxidases suggest 
that ATP production can proceed via CEF around PSI in these cells (Howitt et al., 2001).  
 In general, spatial heterogeneity of photosystem localization is a common feature 
in chloroplasts with PSII and PSI in grana and stroma lamellae, respectively (Dumas et 
al., 2016), which suggests specialization of each photosystem type. In Synechocystis, 
cross-sectional analyses of fluorescence signals from cells have suggested that PSII is 
arranged homogeneously throughout the thylakoid membrane, while PSI appears to be 
arranged heterogeneously, suggesting functionality of this photosystem that may be 
independent of electron flow from PSII (Vermaas et al., 2008). Additionally, in the green 
alga Chlamydomonas reinhardtii PSI has been found in supercomplexes with cyt b6f and 
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proteins associated with CEF (Iwai et al., 2010), and in plant chloroplasts lateral 
heterogeneity of the two photosystems (PSII in grana and PSI in stroma lamellae) has 
been known for quite some time (Suorsa et al., 2014). 
To evaluate any requirement for CEF it is necessary to consider limitations of 
LEF. LEF yields one NADPH per two e-, with 4-6 H+ per pair of electrons deposited into 
the lumen, depending on the status of the Q-cycle (with Q-cycle, 3 H+ total per e-
(Schuurmans et al., 2014)). The stoichiometry of H+ to ATP synthesized is at least four 
for Synechocystis according to biochemical analysis (van Walraven et al., 1996) whereas 
structural and protein electrophoretic analyses of Fo-ATP synthase from Synechocystis 
show a c-ring structure, which is the rotary unit of ATP synthase, of 14 subunits, 
suggesting a ratio of H+/ATP of 14/3=4.67 as three ATPs are synthesized per full rotation 
(Pogoryelov et al., 2007). CO2 fixation requires ATP hydrolysis and NADPH oxidation at 
an overall ratio of 3:2 ATP:NADPH (Bassham and Krause, 1969; Allen, 2002), which is 
close to the ratio that is produced if the Q-cycle is active. However, ATP is used for 
many other cell processes in cyanobacteria, and as photosynthesis (rather than 
respiration) is the main mechanism in cyanobacteria by which ATP is produced in the 
light (Vermaas, 2001), LEF may not be sufficient for the ATP requirements of 
Synechocystis. Additionally, various metabolic pathways have their own specific ratios of 
ATP:NADPH, so enhancement of pathways may require modulation of this ratio (Kramer 
and Evans, 2011). The basis for altering photosystem stoichiometry in this work is by 
introduction of modified promoter sequences in the region upstream of the genes for PSI 
core proteins, PsaA and PsaB, in Synechocystis. 
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Alteration of photosystem stoichiometry in Synechocystis  
As the reasons for different PSII:PSI ratios in different taxa remains in the realm 
of speculation, we aimed to develop a genetic system that would provide variable 
amounts of PSI so we could examine effects of alterations of photosystem stoichiometry. 
We have developed an expression system based on the psbA2 promoter in Synechocystis, 
with PCR-based mutagenesis of a light-sensitive sequence element (TTACAA) 
associated with the -35 promoter element (Eriksson et al., 2000), driving expression of 
the psaAB operon in Synechocystis in these mutants. We used this expression system to 
adjust photosystem stoichiometry in Synechocystis by modifying expression of the PsaA 
and PsaB proteins, which form the core of PSI.  
 
METHODS 
Synechocystis host-strain development 
To generate varying levels of psaAB transcript in Synechocystis, an initial 
Synechocystis host strain was used, which lacks PSI and was generated by our laboratory 
(Shen et al., 1993). This strain has a chloramphenicol-resistance cassette spanning the 3’ 
end of psaA and 5’ end of psaB (ΔpsaAB[CmR] strain). To introduce functional psaAB, 
and remove the native psaAB promoter from ΔpsaAB[CmR], most of the missing native 
psaAB sequence that had been deleted by the chloramphenicol-resistance cassette (CmR) 
was reinserted. This intermediate mutant, ΔpsaAB[SpR], contains some of psaA and all of 
psaB, with a spectinomycin-resistance cassette (SpR) in place of the psaAB promoter and 
the remaining 5’ portion of psaA. Next, the native psaA sequence that was replaced by 
SpR was reinserted, and the psaAB promoter was replaced with a zeocin-resistance 
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cassette (ΔpsaABpro[ZmR] strain, abbreviated as “PZ”). This strain has functional psaAB 
structural genes, as determined by transformation with the WT promoter resulting in 
photoautotrophic growth. Host-strain development can be followed in Figure II-1. The 
reason for development of the host-strain in a stepwise fashion was because the 
DpsaAB[CmR] strain existed already (Shen et al., 1993), and it was necessary to begin 
with a strain that lacked PSI, as otherwise mutants with a severe reduction of PSI might 
not be readily segregated. 
 
Figure II-1. Development of the Synechocystis Host-Strain. (A) shows the native WT 
(wild-type) psaAB operon with its promoter denoted as “pro”. (B) shows the first iteration 
of psaAB deletion, using a chloramphenicol-resistance cassette (CmR), described in Shen 
et al. (1993). (C) shows a modification of ΔpsaAB[CmR] that replaces the CmR with the 
3’ end of psaA, the 5’ end of psaB, and a spectinomycin-resistance cassette (SpR), which 
also replaces the psaAB promoter. (D) shows replacement of SpR with the remainder of 
psaA and a zeocin-resistance cassette (ZmR), which takes the place of the native psaAB 
promoter region. 
 
Modifications of the psbA2 promoter 
Modification of the expression of psaAB was done by replacing the entire 
promoter region with the psbA2 promoter (for expression of the PSII D1 protein in 
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Synechocystis). Unlike psaAB genes, psbA2 is consistently upregulated with increased 
light intensity, and has been analyzed for expression by at least two research groups 
(Eriksson et al., 2000; Mulo et al., 2009). Eriksson et al. (2000) described a light-
sensitive repeat found in the promoter of psbA2, with the following sequence: TTACAA-
(N4)-TTACAA. In the second position of the sequence, the TTACAA overlaps with the 
assumed –35 promoter element for psbA2 in five out of six bases. This stretch of 
TTACAA we replaced with random combinatorial mutations created through 
polymerase-chain reaction (PCR). This is depicted in Figure II-2.  
 
 
Figure II-2. Overall Mutagenesis Scheme for the psbA2 Promoter. A modified version of 
the psbA2 promoter was used to replace the native psaAB promoter in Synechocystis 
mutants. Points A and B are described in Eriksson et al. (2000) and formed the basis for 
choosing the sequence for modification. A 799-bp portion of sequence upstream from 
psaA was used as the 5’ integration sequence for transformation of the ΔpsaABpro[ZmR] 
strain (Figure 1D), and a kanamycin-resistance cassette (KmR) was inserted in the 
antisense direction just downstream. In place of the native psaAB promoter, 400 bp of the 
psbA2 promoter of Synechocystis (beginning 400 bp upstream of the start ATG from 
psbA2) was inserted, but with random mutations within a six-nucleotide region depicted 
by “N”s in the sequence above. A 5’ portion of psaA was used as the downstream 
integration sequence for transformation, from the start ATG of psaA and progressing to 
933 bp downstream in the gene. The entire construct uses pUC19 as the vector backbone 
from the vector’s PciI to AatII sites. 
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To perform mutagenesis, 1817 bp of a pUC19 vector backbone was used as the 
platform to generate a plasmid containing a 933-bp portion of native psaA 5’ sequence, a 
modified psaAB promoter (400 bp), a 799-bp region upstream of this promoter, and a 
1264-bp kanamycin-resistance cassette that was inserted antisense between the psaAB 
promoter and the native sequence upstream of it, for a total plasmid size of 5213 bp. A 
total length of 232 bp of the psaAB promoter region was replaced with 400 bp of the 
psbA2 promoter, and PCR-mediated mutagenesis was performed on this plasmid 
construct, using Expand Long-Range dNTPack (Roche) and following the manufacturer’s 
protocols, with an annealing temperature of 58oC. The psbA2 promoter sequence was 
isolated using primers KmBpsbA2 and psbA2pro-3 (all primer sequences are listed in 
Table II-1 and mapped in Figure II-3), and the psaA starting sequence was linked with 
this psbA2 promoter region using fusion PCR, with adjoining ends formed using forward 
and reverse complement reads of promoter psbA2pro-3-5fu, respectively, and with the 
final amplicon formed using primers KmBpsbA2 and PSI-NdeI3.  
 
Figure II-3. Map of Important Primers Used for psaAB Promoter Mutagenesis. Arrows 
indicate directionality of each primer. 
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Table II-1. Primers Used for psaAB Promoter Mutagenesis. 
Primer name Sequence 
CMPS2NcoIT 
5’-CTCTGTTTACCCATGGAAAAAACGACAATTACAAGAAAGTAA 
AACTTATGTCATCTATAAGCTTCGTGTATATTAACTTCCTGTTAC
AAAGCTNNNNNNAACTCTCATTAATCCTTTAGACTAAG-3’ 
CMPS2NcoIB 5’-GTCGTTTTTTCCATGGGTAAACAGAGGGCGTTTTG-3’ 
NatPS2NcoIT 5’-CTCTGTTTACCCATGGAAAAAACGAC -3’ 
PSI-PciI5 5’-GGGTGTTAACATGTTGCCATTCC-3’ 
PSI-NdeI3 5’-GCCCCAGGACGTCCGGTACATATGAC-3’ 
KmBpsbA2 5’-CTAGTACTCGTACGGGTATATGGATC-3’ 
psbA2pro-3 5’-GGAATTATAACCAATTTCGGGTGGACTAATTGTCATTTGGTT ATAATTCC-3’ 
psbA2pro-3-5fu 5’-GGAATTATAACCAAATGACAATTAGTCCACCCGAAAGAGAG GCTAAGGC-3’ and reverse complement for fusion PCR 
IntPciNde3 5’-GTCGAAGTGACCCGGCTTGC-3’ 
Q-psaA-F 5’-CACCGACAGCTATCAGCTC-3’ 
Q-psaA-R 5’-GATGGTTCATCATCGACTCC-3’ 
F-RT-atpA 5'-TCCCCGGCCCCTGGAATTATTGAA-3’ 
R-RT-atpA 5’-GCTGACCCCGACCAATGGGA-3’ 
 
Mutagenesis was performed with primer CMPS2NcoIT and primer 
CMPS2NcoIB, and also includes a transposition of the original CG sequence just prior to 
the T of the -35 site, which formed a HindIII site that was removed by a switch to GC. 
The sequence region targeted for random mutagenesis is denoted by “N’s” in 
CMPS2NcoIT and underlined (Table II-1). The positive control strain (named Nat1), 
which did not experience random mutagenesis, was generated through PCR using primer 
NatPS2NcoIT and primer CMPS2NcoIB. 
Resultant PCR products underwent subsequent digestion using NcoI and 
recircularization using a T4 DNA ligase reaction. The resultant plasmids underwent PCR 
once more to enhance yield, using primers PSI-PciI5 and PSI-NdeI3.  The 
ΔpsaABpro[ZmR], or PZ, strain (Figure II-1D) was transformed with positive controls 
and the combinatorial mutant plasmids. Once Synechocystis strains were generated, 
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positive control strains (such as strain “Nat1” with the unaltered psbA2 promoter) 
including the upstream-directed kanamycin-resistance cassette grew normally 
photoautotrophically, indicating the placement of this cassette was not problematic for 
growth.  
 
Transformation and segregation of Synechocystis 
The PZ host strain (ΔpsaABpro[ZmR]) was transformed with PCR products 
containing random combinatorial mutations as described above, and transformants were 
plated on BG11 plates (Rippka et al., 1979) containing 5 mM glucose and 7.5-10 µg/mL 
of kanamycin and grown at 30oC and a light intensity of 4 µmol photons m-2 s-1. The 
presence of glucose and growth at low light intensity ensured a lack of bias for specific 
PSI levels in the mutant strains. When single colonies became apparent after two to three 
weeks, they were plated onto successively higher concentrations of kanamycin until 
strains were fully segregated at 100 µg/mL of kanamycin. After segregation, strains were 
no longer viable on zeocin-containing plates, and PCR amplification indicated that WT 
genome copies no longer were present in the culture.  
 
Initial characterizations 
After determining segregation of mutants using PCR, in addition to a lack of 
viability when plated in the presence of zeocin, the promoter region of each strain was 
sequenced with primers KmBpsbA2 and IntPciNde3 (Table II-1).  
A screening method to assess photoautotrophic viability at different light 
intensities consisted of plating strains on agar plates containing only BG11, requiring 
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photoautotrophic growth, with growth measured at light intensities of 25 µmol photons 
m-2 s-1 and 300 µmol photons m-2 s-1, for determination of the number of days until 
colonies appeared as well as the general abundance of colonies.  
A basic screening approach for determination of photosystem stoichiometry 
consisted of analysis of fluorescence emission at 77K with an excitation wavelength of 
440 nm. Fluorescence emission yields at 77K correlate to photosystem abundance 
(Murakami, 1997). Fluorescence emission at 77K was measured using dark-adapted cells 
from cultures that had been grown photomixotrophically at either 4 µmol photons m-2 s-1 
or 50 µmol photons m-2 s-1 and that had been diluted to an OD730 of 0.225. Fluorescence 
emission at 695 nm represents signal from PSII, and fluorescence emission at 
approximately 722 nm represents PSI signal. Data were normalized to the emission peak 
at 695 nm, and background was subtracted from the total signal. 
 
Subset of strains for further analysis 
After measuring fluorescence emission from a total of approximately 70 strains, 
consisting of 53 unique promoter mutants, a subset was chosen to follow for later 
analyses. This subset comprised a likely broad range of photosystem stoichiometries as 
judged by fluorescence emission analysis, including eight mutant strains (including the 
PZ host strain), one control strain with a native psbA2 promoter sequence (TTACAA) at 
the -35 site (strain “Nat1”), and WT.  
 In addition to fluorescence emission characteristics, chlorophyll abundance was 
analyzed in all strains, using methanol extraction and absorbance measurement of the 
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extract at 665 nm using a spectrophotometer (Ritchie, 2006). The procedures listed below 
are all performed on this subset of strains. 
 
Quantification of gene products 
Transcript abundance of psaA was assessed in the subset of strains using TRIzol-
based (Life Technologies) RNA extraction, DNase treatment using Turbo DNA-free 
DNase (Ambion) and reverse transcription with random hexamer primers using the 
iScript Select reverse transcriptase kit (BioRad), followed by quantitative real-time PCR, 
detected on an ABI Prism 7900 HT sequence detection system (Applied Biosystems). 
qPCR was performed using iTaq SYBR Green Supermix (BioRad) with primers Q-psaA-
F and Q-psaA-R (Table II-1). All samples were run in triplicate, and the housekeeping 
gene atpA with primers F-RT-atpA and R-RT-atpA (Table II-1) was used as a control for 
both reverse-transcribed and non-reverse-transcribed samples, with quantification based 
on the 2-ΔΔCT method (Livak and Schmittgen, 2001). 
To determine the quantity of PsaA in the subset of strains, SDS-PAGE was 
performed with running gels of 12% acrylamide and stacking gels of 5% acrylamide plus 
0.63% (or 0.26% for stacking gel) bis-acrylamide, with a Tris- and SDS-containing 
running buffer, followed by western blot analysis.  
 Prior to SDS-PAGE cells had been grown to an OD730 of approximately 0.5 at a 
light intensity of 4 µmol photons m-2 s-1 photomixotrophically with 5 mM glucose, and 
thylakoids were extracted and used for sample loading in gels. Thylakoid extractions 
were performed using cell pellets from 150-mL cultures that were resuspended in 
thylakoid extraction buffer containing 50 mM MES [2-(N-morpholino)ethanesulfonic 
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acid]-NaOH (pH 6.5), 10 mM MgCl2, 5 mM CaCl2, 15% glycerol, and 1 mM each of 
phenylmethylsulfonyl fluoride, benzamidine, and ε−amino caproic acid. Cells were then 
broken by 8-10 30-s cycles of bead-beating using 0.1 mm glass beads and two min of 
cooling on ice between cycles. Supernatants were spun down, and the resultant thylakoid-
containing pellet was resuspended in thylakoid extraction buffer. The Bradford assay 
(Bradford, 1976) was used to normalize total protein levels per sample for loading, and 
Coomassie blue-stained gels were also used to judge sample loading.  
 Western blotting occurred using polyvinylidine difluoride membrane, with 
transfer occurring at 20 V at 4 oC for 4 hours. Blots were incubated for 12 hours with 
PsaA primary antibody (at 1:4000 dilution) that we received as a kind gift of the 
laboratory of Dr. Kevin Redding, designed for use with Chlamydomonas PsaA. 
Following blocking with 5% (w/v) milk powder in TBS (tris-buffered saline), blots were 
incubated in a 1:3000 dilution of an alkaline phosphatase (AP)-conjugated secondary 
antibody. Color development of blots proceeded using an AP conjugate assay kit 
(BioRad). Following western blotting, images of blots were analyzed using ImageJ 
software to quantify blot signal strengths, with calibration for each gel provided by WT 
standards of 100%, 50%, 20% and 10% loading.  
 
Physiological characterizations 
Cultures were grown photoautotrophically in flasks bubbled with air at 50 µmol 
photons m-2 s-1 for most physiological experiments, at 4 µmol photons m-2 s-1 for some 
and at 100 µmol photons m-2 s-1 for experiments at higher light intensity. For growth 
curves at 50 µmol photons m-2 s-1 cultures were inoculated from BG11 plates containing 5 
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mM glucose and 50 µg/mL kanamycin, and they were allowed to reach mid-log phase in 
liquid and maintained in this growth phase for two days prior to dilution to OD730 of 0.5 
to begin growth measurements, which were taken every 24 hours for a total of 96 hours. 
For high-light-intensity growth, cultures initially grew in liquid at 50 µmol photons m-2 s-
1 and were transferred to higher light-intensity conditions of 100 µmol photons m-2 s-1 at 
which they were incubated for approximately 24 hours prior to dilution to OD730 of 0.2 
for commencement of growth curve measurements.  
Oxygen measurements were taken using a Clark-type electrode operated with 
Oxygraph software (Hansatech Instruments). The temperature was maintained at 30oC, 
and a xenon light source provided light that was passed through a yellow filter before 
reaching the sample. The light intensity was approximately 1300 µmol photons m-2 s-1 for 
saturating light conditions and ranged from 70 to 1300 µmol photons m-2 s-1 for 
development of light-saturation curves. Respiration rates were determined of cultures in 
the dark (after equilibration of the electrode), and then oxygen evolution was measured 
upon introduction of light and either 10 mM sodium bicarbonate, for whole-chain 
photosynthetic oxygen evolution measurements, or 200 µM 2,5-dimethyl-p-
benzoquinone (DMBQ) with 1 mM potassium ferricyanide, for PSII-specific oxygen 
evolution measurements.  
Fluorescence induction of concentrated cell suspensions in fresh BG11 (OD730 of 
approximately 20) was measured using a Walz Dual-PAM-100 fluorometer. The 
fluorescence measuring light intensity was set to 5 µmol photons m-2 s-1 for cells without 
additions, and to 3 µmol photons m-2 s-1 for cells in the presence of 10 µM 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU). Measurements used orange/red (635 nm) 
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actinic light with an intensity of approximately 2 mol photons m-2 s-1. Actinic light was 
on for approximately three seconds, and the fluorescence rise upon introduction of actinic 
light and decay upon switching off the actinic light, as well as variable fluorescence 
values, were measured.  
For measurements of P700 oxidation and reduction kinetics, cells were prepared 
as for fluorescence induction, and analyzed with a Dual-PAM-100 fluorometer. 
Measuring light (830 and 875 nm) was held at an instrument intensity setting of 7, which, 
on a scale of 1-20, produced optimal signal for the conditions of these experiments. 
Orange/red actinic light (635 nm) was set to an intensity of approximately 2 mol photons 
m-2 s-1. The amplitude of the voltage change was measured for all cultures upon 
introduction of actinic light. In order to use up electrons from the intersystem electron 
pool but not fully exhaust the supply available for cyclic electron flow, ten actinic light 
pulses were introduced to each sample. It was after the final light pulse that the rate of 
P700+ reduction was measured. Actinic light pulses were 20 ms in duration and began 
every 500 ms for cells treated with DCMU, and they were 50 ms in duration and began 
every 500 ms for cells without DCMU addition.   
 
Measurement of adenosine phosphates and pyridine nucleotides 
To extract adenosine phosphates and pyridine nucleotides, 100 mL of culture 
were grown photoautotrophically until the culture reached about 0.5 OD730, at 30oC at a 
light intensity of 50 µmol photons m-2 s-1. The extraction technique was partially based 
on the protocol of Bennette et al. (2011), but with modifications, including exposure to 
light prior to quenching. Cells were vacuum-filtered at a laboratory bench in the light (set 
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to 80 µmol photons m-2 s-1). Three nylon filters were used for 100 mL of culture. To 
quench, each filter was immediately placed upside-down in a small petri dish containing 
3 mL of 80% methanol and 300 µL of 10 mM ammonium bicarbonate.  These 
components had been placed in the -80oC freezer until use, and after filters had been 
added the petri dish was returned to the -80oC freezer for 10 minutes. Subsequently cell 
debris was scraped off of each filter, and the liquid including the scraped-off cells was 
split into two 2-mL eppendorf tubes. One tube received 1 mM dithiothreitol for pyridine 
nucleotide analysis, and the other did not and was used for adenosine phosphate analysis. 
Each tube was centrifuged for 5 minutes at 16,100 g and the supernatant was placed into 
a new tube. This supernatant was concentrated in a speedvac to a final volume slightly 
above 100 µL for analysis by LC/MS. For LC/MS measurements, 5 µL of this 
concentrated sample were injected into a Dionex Ultimate 3000 HPLC with a Synergi 4 
mm Hydro RP 250 x 1 mm ID separation column (Phenomenex), operating with a flow 
rate of 0.05 mL/minute. The initial solvent composition was 10 mM tributylamine (pH 
4.95, with 15 mM acetic acid in water) for the first minute, at which time methanol was 
added, reaching a concentration of: 38% at 13 minutes, then 51% at 21 minutes, 59% at 
25 minutes, and finally 95% at 28 minutes (all changes as linear gradients), where it 
remained for 4 minutes before decreasing to 0% at 35 minutes when the run was 
complete and the column equilibrated for 3 minutes. 
 
Salt stress 
To assess the response to salt stress, each culture was divided into flasks that 
contained either 100 mL of BG11 or 100 mL of BG11 supplemented with 550 mM NaCl. 
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Cultures were allowed to grow photoautotrophically at 50 µmol photons m-2 s-1 for 24 
hours, during which the OD730 of each was checked at intervals of 0, 2, 4, 8, and 24 
hours. To determine the effect of osmotic stress cultures containing BG11 supplemented 
with 1.1 M sucrose were used as a control.  
 
RESULTS 
Development of photoautotrophically viable combinatorial mutants 
Synechocystis strains with altered psaAB expression levels were developed using 
random PCR-mediated mutagenesis of a light-sensitive region of the psbA2 promoter in a 
location overlapping with its -35 promoter sequence, and by positioning these modified 
promoters (plus a trans-directed kanamycin-resistance cassette) in place of the native 
psaAB promoter. A total of 74 strains were analyzed for the sequence present in the 
mutated promoter region as well as for fluorescence emission characteristics and viability 
at both 25 and 300 µmol photons m-2 s-1. From these a subset was chosen to represent a 
range of PSI quantities. The full characterization of strains is found in Appendices A and 
B. 
The nucleotide frequency at each modified sequence position in the 74 sequenced 
mutants is listed in Table II-2. If all changes were random, then each nucleotide would be 
expected to appear about 25% of the time in each position. In fact, the frequency of each 
nucleotide at each position ranged from 13-36% (Table II-2), which may reflect random 
distribution due to a relatively small sample size. The nucleotides for the native sequence 
TTACAA are overrepresented in some positions (up to 36%), but do not overwhelmingly 
dominate. 
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Table II-2. Nucleotide Frequencies. Frequencies of nucleotides 
(as percentages) at each position of the randomly modified 
promoter sequence found in the 74 mutant strains. 
  G C T A 
1st position 30.2 13.2 26.4 30.2 
2nd position 26.4 15.1 35.8 22.6 
3rd position 28.3 20.8 26.4 24.5 
4th position 15.1 32.1 24.5 28.3 
5th position 28.3 20.8 30.2 20.8 
6th position 20.8 18.9 24.5 35.8 
 
Subset of mutant strains 
A subset of strains was chosen for further physiological analyses based on the 
goal of having a sample of the broadest range of photosystem stoichiometries available, 
as determined by fluorescence emission at 77K, as well as to represent some levels of PSI 
content in more than one strain. The sequences of the promoters for psaAB expression in 
this subset of strains are shown in Table II-3; the native psbA2 promoter sequence in this 
region is the sequence listed for the Nat1 strain.  
Table II-3. Mutated 
Promoter Sequences 
Strain Sequence 
Nat1 TTACAA 
A1 ATTAAC 
B3 TGGCTA 
B15 TATGAT 
B16 ATTTTG 
C5 TGAACA 
C8 GAGTTC 
D1 ACGTAT 
 
Quantification of photosystems 
The fluorescence emission spectra of mutant and WT strains that were grown 
photomixotrophically at 4 µmol photons m-2 s-1 are shown in Figure II-4. Signal 
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associated with PSII appears at 695 nm, while signal associated with PSI appears at about 
725 nm. Data were normalized to the PSII signal at 695 nm and were somewhat 
qualitative as the baseline correction may be ambiguous. All mutants in this study 
contained less PSI than is found with WT in all light conditions. The greatest difference 
between amounts of PSI occurred at lower light intensity, with low-PSI strains increasing 
PSI abundance as light increased: As indicated in Figure II-5 showing fluorescence 
emission spectra of mutant and WT strains grown photoautotrophically at 100 𝜇mol 
photons m-2 s-1, strains were more similar to each other in photosystem stoichiometry as 
light intensity increased: lower-PSI strains increased PSI content with increasing light 
intensity, while WT decreased its PSI content with increasing light intensity. Most 
analyses used cells grown at a light intensity of less than 100 𝜇mol photons m-2 s-1, but 
this change in PSI abundance from lower to higher light intensity illustrates the 
relationship between the promoter used and the resultant phenotype in response to light. 
Quantifications of PSI and PSII abundance through 77K fluorescence emission 
spectra alone are problematic in that signals are not always consistent with other means 
of quantification and depend on the method of calculation. Strains with very low PSI 
signals in Figure II-4 showed PSI signals much lower than would be suggested by PsaA 
and chlorophyll abundance that will be presented later. However, 77K fluorescence 
emission provided a relative comparison between strains and between light intensities. 
From 4 𝜇mol photons m-2 s-1 to 100 𝜇mol photons m-2 s-1, WT’s PSI 77K fluorescence 
signal was reduced by almost 30%, while the PSI 77K fluorescence signal for some 
mutants increased significantly; for example, the signals of A1, B16 and B15 went up by 
nearly 200%, over 300%, and by 67%, respectively. 
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Figure II-4. 77K Fluorescence Emission Spectra (4 µmol photons m-2 s-1). Mutant and 
WT strains were grown photomixotrophically. Signal from PSII shows a maximum at 
approximately 695 nm, while signal from PSI shows a maximum at approximately 725 
nm. Emission spectra are normalized to the 695 nm signal of strain A1. 
 
 
 
Figure II-5. 77K Fluorescence Emission Spectra (100 µmol photons m-2 s-1). Mutant and 
WT strains were grown photoautotrophically. Signal from PSII shows a maximum at 
approximately 695 nm, while signal from PSI shows a maximum at approximately 725 
nm. Emission spectra are normalized to the 699 nm signal of strain A1. 
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To compare actual PsaA protein levels among strains, western blot analysis was 
performed using cells that were grown photomixotrophically at 4 µmol photons m-2 s-1. 
Under these conditions all strains, including ones with very low PSI levels, could be 
propagated. Figure II-6 shows the relative amounts of PsaA protein from three separate 
blots as estimated using ImageJ and calibrated against WT. In addition, psaA transcript 
levels were determined by qPCR using cells grown under the same conditions 
(photomixotrophically at 4 µmol photons m-2 s-1). 
For strains with lower levels of psaA transcript, the levels of this transcript 
correlate to PsaA protein levels. However, in the three combinatorial strains with psaA 
transcript levels comparable to or exceeding those in WT (including the Nat1 strain with 
the native psbA2 promoter), the PsaA level ranged from 58 to 67% of that in WT. For 
example, the amount of psaA transcript in the B3 mutant strain surpassed that in WT by 
nearly two-fold, but the B3 strain had only about 67% of the amount of PsaA compared 
to WT. This difference most likely is due to differences in translational efficiency. 
The PZ strain (ΔpsaABpro[ZmR]) lacks a known psaA promoter and while it had 
negligible levels of psaA transcript compared to WT, in western blot analyses there 
typically was a faint but visible band for PsaA for this strain, indicating that a low level 
of psaAB expression could still occur in this strain. qPCR analysis of psaA in the D1 
strain showed very low transcript abundance, indicating that this strain has an apparently 
poor psbA2-derived promoter and contains slightly more PSI than the PZ strain, in line 
with the fluorescence emission results (Figure II-4). As will be indicated later, this strain 
is not photoautotrophic at any of the light intensities tested suggesting that the level of 
PSI is too low for photoautotrophic growth. 
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Figure II-6. Transcript Levels of psaA and Western Blot Signals. Average transcript 
levels (blue) and average PsaA protein levels (red) present in each strain relative to WT 
(set to 100% for each signal). Western blot signals for PsaA were quantified using 
ImageJ, and a linear relationship was obtained between the western blot signal and the 
amount of WT sample loaded (right part of the histogram). Error bars refer to standard 
error of the mean from three independent experiments. 
 
Growth characteristics 
Most experiments presented thus far were performed on mutant and WT strains 
grown photomixotrophically at 4 µmol photons m-2 s-1 as this was the growth condition 
where all strains, including the light-sensitive strains with little PSI, could be propagated. 
Figure II-7 shows the growth of mutant and WT strains in this condition, and no 
significant differences in growth rates were observed between the various strains; this is 
to be expected as photoautotrophy is not required for photomixotrophic growth at low 
light intensity. 
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However, photoautotrophic growth of these strains at 50 µmol photons m-2 s-1 
showed clearer differences as seen in Figure II-8. For the most part, faster growth is 
enabled by relatively more PSI, with WT (possessing the greatest amount of PSI) 
growing most rapidly, and those with mutants that are higher in PSI (but containing less 
than WT does), including C5 and Nat1 growing more rapidly than most of the other 
mutant strains. Strains PZ and D1 were unable to grow photoautotrophically at this and 
other light intensities because of insufficient PSI. As light increased to 100 𝜇mol photons 
m-2 s-1 (Figure II-9), photoautotrophic strains became more similar to each other in their 
growth. 
 
 
 
Figure II-7. Photomixotrophic Growth at 4 𝜇mol photons m-2 s-1. Note the logarithmic 
scale of the y-axis, signifying exponential growth of the cultures (n=3). 
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Figure II-8. Photoautotrophic Growth at 50 𝜇mol photons m-2 s-1. Note the logarithmic 
scale of the y-axis, signifying exponential growth of the cultures (n=3). 
 
 
 
Figure II-9. Photoautotrophic Growth at 100 𝜇mol photons m-2 s-1. Note the logarithmic 
scale of the y-axis, signifying exponential growth of the cultures (n=3). Non-
photoautotrophic strains were not included in this growth condition. 
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P700 oxidation and reduction kinetics 
If PSI levels affect the relative amount of cyclic electron flow around PSI, then 
this may be reflected in the rates of P700+ reduction under conditions where linear 
electron flow is blocked. Therefore, reduction of P700+, after P700 oxidation by a light 
flash, was monitored in the presence of 10 µM DCMU. For this experiment, P700+ 
reduction was measured after a series of 10 flashes delivered at 2 Hz, from about 3 
seconds to shortly after 7.5 seconds, in order to partially oxidize the PQ pool. Figure II-
10 tracks the changes in P700 redox state with this light treatment. An increase in voltage 
represents P700 oxidation.  
 
 
Figure II-10. P700 Oxidation and Reduction Curves. P700 redox states were measured 
using a Dual-PAM-100 fluorometer with 20 ms pulses of actinic light approximately 
every 500 ms in the presence of DCMU. Upward arrows indicate when each actinic light 
pulse occurred. Half-times of P700+ reduction were determined following the tenth 
actinic light pulse shortly after 7.5 s. While not shown in the time scale presented here, 
P700 was fully reduced for many strains 25 s after the last actinic light pulse. 
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The expectation is that under the conditions of this P700 redox measurement the 
PQ pool will be more oxidized if there is less electron influx into the pool from CEF, and 
that the PQ pool will be less depleted of electrons when there is less PSI per cell. As 
indicated in Figure II-10, an increasing amount of oxidized P700 accumulated in 
subsequent 20-ms flashes, until about five flashes when a steady state P700+ 
concentration was formed during a flash. P700+ became (partially) re-reduced in the dark 
period after each flash, and the P700+ amplitude and the half-time of its re-reduction was 
measured as indicated in Table II-4. As expected, the P700+ amplitude corresponded with 
PSI abundance. Moreover, strains with relatively high levels of PSI showed P700+ re-
reduction kinetics after the last flash that were about two-fold slower compared to WT, 
suggesting that electron supply to the PQ pool (for example, by CEF) has slowed down in 
these strains. However, interestingly, at least some of the strains with lower levels of PSI 
(such as B16) showed P700+ re-reduction kinetics that were similar to those of WT even 
though their P700+ amplitude was much reduced. As in such strains the amount of 
electron flux per cell to P700+ has been reduced because of less PSI, other sources of 
electron donation to the PQ pool (such as respiration) may have become relatively more 
significant. Without DCMU present, as expected, all strains showed comparably rapid 
rates of re-reduction suggestive of nearly immediate electron flow from PSII to PSI on 
the time scale of detection by the fluorometer (data not shown).  
Table II-4 also shows the concentration of chlorophyll present on a per-cell basis, 
reflecting abundance of PSI, since in Synechocystis most chlorophyll is associated with 
PSI while a much smaller proportion is at PSII (96 Chl per PSI monomer and 35 per PSII 
monomer (Jordan et al., 2001)), and this is a helpful proxy to double-check for  
  45 
 
consistency in PSI content throughout phenotypic analyses. Chlorophyll was recorded 
from cells grown at both 4 and 50 µmol photons m-2 s-1 because promoter modifications 
occurred within a putative light-sensitive sequence component, and therefore levels of 
expression of PSI proteins may vary with light intensity. 
Despite the greater capacity of cyclic electron flow around PSI shown by mutants 
with greater PSI abundance, analysis of proportions of adenosine phosphates showed that 
all strains maintain ATP, ADP and AMP at levels considered quite healthy for viability, 
Table II-4. Phenotypic Characteristics with psaAB Promoter Mutagenesis: chlorophyll content, P700+ 
reduction kinetics with DCMU, and cellular energy charge (CEC; (ATP + ½ ADP)/(AMP + ADP + 
ATP)). Cells were grown photoautotrophically (PAG) at 50 𝜇mol photons m-2 s-1 with the exception of 
cells used for PSI content determination and all measurements for PZ and D1 (grown 
photomixotrophically (PMG) at 4 𝜇mol photons m-2 s-1). Errors presented as SEM (n=6 for chlorophyll; 
n=3 for PSI content; n=3 for oxygen evolution; n=6 for P700+ reduction; n=4 for CEC). 
  Chlorophyll  PSI 
content 
O2 evolution with 10 mM 
NaHCO3 
P700+ reduction 
(+DCMU) 
CEC 
Strain 𝜇g/mL/OD730 % of WT’s 𝜇mol O2/h/mg Chl nmol O2/h/OD730 t1/2 (ms) Δ voltage a.u. 
PZ 0.94 + 0.13 6 + 1 241 + 41 177 + 6 - - - 
D1 0.93 + 0.16 8 + 1 255 + 85 226 + 71 - - - 
A1 2.30 + 0.12 34 + 3 505 + 48 1214 + 75 700 + 86 0.15 + 0.01 0.86 + 0.01 
B3 3.26 + 0.13 67 + 9 314 + 42  1083 + 143  910 + 160 0.32 + 0.03 0.86 + 0.01 
B15 2.49 + 0.13 35 + 2 385 + 47 983 + 118 750 + 140 0.19 + 0.01 0.87 + 0.01 
B16 1.64 + 0.17 26 + 3 548 + 45  867 + 157  460 + 97 0.11 + 0.01 0.85 + 0.02 
C5 2.98 + 0.12 58 + 9 335 + 19 983 + 56 850 + 100 0.26 + 0.02 0.86 + 0.01 
C8 2.28 + 0.12 30 + 2 445 + 55 1000 + 118 700 + 67 0.17 + 0.01 0.87 + 0.01 
Nat1 3.00 + 0.14 62 + 5 420 + 28 1219 + 121 750 + 120 0.29 + 0.02 0.87 + 0.01 
WT 3.80 + 0.33 100 280 + 31 1045 + 41 400 + 120 0.43 + 0.05 0.79 + 0.01 
  46 
as calculated by cellular energy charge (CEC), which is given by: (ATP + ½ ADP)/(AMP 
+ ADP + ATP) (Pradet and Raymond, 1983). Furthermore, CEC values did not show 
variation with PSI abundance, with the exception of WT, which possessed the lowest 
CEC and which also showed the lowest overall totals of adenosine phosphates throughout 
analyses (Table II-4). This either reflects a physiological difference between WT and the 
mutant strains in maintenance of adenosine phosphate levels or is an artifact arising from 
possibly greater difficulty in extracting some of these compounds from WT.  
Figure II-11 shows a model explaining P700+ re-reduction kinetics based on PSI 
abundance. With the most PSI, WT showed most rapid reduction of P700+ while mutant 
strains with an intermediate amount of PSI reduced P700+ more slowly. On the other 
hand, strains with the lowest PSI content in this study showed rapid reduction because 
available P700 reaction centers were likely quickly reduced by respiratory electrons. 
 
Salt tolerance 
Both CEF and respiration have been associated with adaptation to salt stress in 
Synechocystis (Jeanjean et al., 1998; Howitt et al., 2001). In the initial period of NaCl 
stress, cyanobacteria respond primarily through cation transport, with accumulation of 
osmolytes rich in reduced carbon beginning after about two hours and persisting for long-
term salt-stress adaptation (Hagemann, 2011). To determine whether PSI content affects 
the ability to withstand salt stress, strains B16 and C5 were compared with WT for 
tolerance to salt stress with 550 mM sodium chloride added to BG11. Growth was 
measured over 24 hours in photoautotrophic conditions at a light intensity of 50 𝜇mol 
photons m-2 s-1 (Figure II-12). Growth with 1.1 M sucrose added to BG11 was used as a  
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Figure II-11. Electron Flow Model with Photosystem I Abundance. With the highest 
amount of PSI, WT can transfer the most electrons through CEF. With the lowest amount 
of PSI among mutants here, B16 has least potential to perform CEF, but this strain’s 
P700 reaction centers may be quickly reduced by respiratory electrons. With an 
intermediate amount of PSI, C5 does not demonstrate as much CEF as WT does, nor do 
its reaction centers get reduced by respiratory electrons to the degree B16’s do. 
 
 
nonionic osmotic stress control. Growth was inhibited in all strains at this concentration 
of sucrose, although the optical density may have been reduced by the fact that cell 
volume is reduced in the presence of this concentration of sucrose (Marin et al., 2006). 
All strains were inhibited by addition of 550 mM NaCl, though WT grew fastest among 
the three. However, strain B16 (with the lowest PSI content of the three) was inhibited 
less by salt than WT was (59 and 45%, respectively, of the growth rate as without salt in 
the first four hours) whereas C5, with an intermediate level of PSI content, was similar to 
WT in its response (44% of the growth rate compared to without salt). The CEC for B16 
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(Table II-4) showed that ATP was adequate in these cells, so perhaps compensatory 
mechanisms are engaged to maintain ATP levels. More striking was the difference 
between B16, C5 and WT in response to salt over the period from 4 to 24 hours of 
treatment: B16 and C5 had growth rates with salt that were 42% of that of those without 
salt in this time period, while WT’s growth rate with salt was inhibited by 87.5%. This 
suggests that having lower PSI content is useful for this period of time of 4 to 24 hours of 
salt treatment. 
 
 
Figure II-12. Salt Tolerance. Growth responses among three strains (B16, C5, and WT), 
as shown by growth as determined by OD730 over 24 hours at 50 µmol photons m-2 s-1 in 
the presence of 550 mM NaCl added to BG11 (labeled “salt”), or with 1.1 M sucrose 
added (labeled “sucrose”) or no additives (labeled “none”) as control cultures. 
 
Fluorescence induction 
Mutants in this study have shown lower degrees of CEF than shown with WT, but 
this alone does not address the allocation of PSI throughout thylakoid membranes in a 
cell. It was shown by Vermaas et al. (2008), through fluorescence imaging of cells, that 
while PSII disperses evenly throughout a cell, PSI shows clustering. If this is the case 
  49 
then reduction in PSI content could affect different populations of PSI differently 
throughout a cell. One way to probe this is to detect fluorescence arising from PSII: 
“variable fluorescence” is the change in chlorophyll fluorescence yield as a function of 
the redox state of QA and the adjacencies of excitation quenchers such as PSI. WT 
Synechocystis does not show much variable fluorescence, most likely due to the 
overabundance of PSI interspersed with PSII, thus providing efficient excitation 
quenching if PSII centers are closed. However, PSI-less strains have much larger variable 
fluorescence yields (Vermaas et al., 1994), similar to that of plants where PSI and PSII 
are physically separated. This variable fluorescence quenching phenomenon could be 
expected to be a function of proximity between PSII and PSI centers, so fluorescence 
induction was measured to determine if PSI content influenced this. Fluorescence 
induction was measured in the presence of DCMU to maximize possible fluorescence 
signal, as indicated in Figure II-13. Indeed, strains with less PSI typically showed more 
variable fluorescence, suggesting that the number of PSI centers around each PSII center 
had decreased in the mutants, though not in a linear relationship to PSI content (measured 
as chlorophyll content): strains with essentially no PSI showed a fluorescence level 
similar to that of mutants with intermediate levels of PSI content. 
 
Light saturation curves 
Since in cyanobacteria PSI content directly relates to abundance of chlorophyll, it 
was important to evaluate dynamics of light utilization and/or shading by chlorophyll in 
each strain, based on oxygen evolution with bicarbonate as the electron acceptor. All 
strains in this study increased in capacity to produce photosynthetically generated oxygen 
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Figure II-13. Fv/Fm and Chlorophyll Content. Chlorophyll was used as a proxy for PSI 
content, and fluorescence (as Fv/Fm) was measured in the presence of DCMU. WT-ML 
and WT-LL refer to WT grown at 50 and 4 µmol photons m-2 s-1, respectively. PZ and D1 
were grown at 4 µmol photons m-2 s-1, and all other strains were grown at 50 µmol 
photons m-2 s-1. 
 
with increasing light intensity to a point; however, they differed greatly in light saturation 
characteristics. Figure II-14 shows oxygen evolution in relation to chlorophyll abundance 
as light intensity increased. Figure II-15 shows oxygen evolution in relation to OD730 as 
light intensity increased. Figure II-16 shows oxygen evolution as a percentage of each 
strain’s Pmax, which shows most clearly that at the lowest light intensities at which results 
were obtained, WT was most productive; however, WT reached saturation at a low light 
intensity relative to other strains. With lesser amounts of PSI light saturation occurred at 
increasing light intensities for most strains, with some variability. For instance, B16 
never reached a high level of oxygen evolution at the light intensities measured, while A1 
and C8 outcompeted WT and may not have even reached saturation at the highest light 
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intensity used for this study. Nonetheless, it is clear that at higher light intensity strains 
with reduced PSI levels outperform WT in terms of LEF (oxygen evolution). 
 
 
 
Figure II-14. Oxygen Evolution (Per-Chlorophyll). Oxygen evolution from strains was 
measured in relation to light intensity with bicarbonate as the electron acceptor (n=3), 
calculated per chlorophyll. 
 
 The direct relationship between PSI content and I50, the light intensity at which a 
strain experienced half-saturation, is shown in Figure II-17, and calculated both on per-
chlorophyll and per-OD730 bases. At the lowest end of PSI abundance there is greater 
variation as each strain likely developed its own adaptations to cope with relatively low 
PSI abundance, but overall the trend shows that with increasing PSI abundance the I50 
decreases.  
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Figure II-15. Oxygen Evolution (Per-OD730). Oxygen evolution from strains was 
measured in relation to light intensity with bicarbonate as the electron acceptor (n=3), 
calculated per OD730. 
 
 
 
Figure II-16. Oxygen Evolution as a Percentage of Pmax. Values for oxygen evolution 
from strains were derived from per-OD730 measurements (n=3).  
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Figure II-17. I50 Versus PSI content. The I50 has been calculated for both per-chlorophyll 
(red) and per-OD730 (blue) values.  
 
Oxygen evolution in the presence of bicarbonate as an electron acceptor, which is 
a measure of capacity for linear electron flow, did not appear to be limited by PSI 
abundance among the photoautotrophic strains examined here on a per-OD basis (Table 
II-4; Figures II-14-17) when evaluated at a light intensity sufficiently above what may be 
expected to be saturating, even though these strains represent a broad range of levels of 
PSI abundance (25-100% of WT levels). Also, when oxygen evolution was measured in 
the presence of DMBQ and potassium ferricyanide at above-saturating light intensity, 
similar patterns of oxygen evolution were obtained (compared to those presented here 
with bicarbonate as the electron acceptor). However, when evaluated at low light 
intensity (~70 µmol photons m-2 s-1) with bicarbonate as the electron acceptor WT 
outcompeted the mutant strains in terms of oxygen evolution per OD (Figure II-15). 
Generally, lower PSI levels mean less ability to capture photons when light 
intensity is low, but also less shading and greater utilization of light as light intensity 
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increases. These results for oxygen evolution as a function of light intensity suggest that 
linear electron flow increases in strains with less PSI and chlorophyll as light intensity 
increases, allowing light to penetrate more deeply into a culture. This is illustrated in 
Figure II-18. A cell with high chlorophyll abundance (Figure II-18, left) would be able to 
capture more of the photons present at a lower light intensity than would a cell with low 
chlorophyll abundance (Figure II-18, right). However, as light intensity increases, a high 
abundance of chlorophyll does not help cells farther from the light source that may 
become shaded, whereas in a culture of cells with less chlorophyll more photons will 
reach more cells. 
 
Figure II-18. Chlorophyll Abundance and Light Penetration. At low light intensity cells 
with more chlorophyll abundance can capture more photons, but as light intensity 
increases this becomes less advantageous for a culture as cells deeper in the culture will 
be shaded. 
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PSI and photoautotrophy  
PSI is required for photoautotrophic growth, though abundance of PSI necessary 
for photoautotrophy is unknown. The mutant strain D1, according to western blots 
(Figure II-6), had about 8% of the amount of PsaA that WT did when grown at 4 µmol 
photons m-2 s-1, and it was not capable of photoautotrophic growth and behaves similarly 
to PSI-less strains in that it died when introduced to 50 µmol photons m-2 s-1. However, 
like the strain PZ, D1 was capable of oxygen evolution in the light with bicarbonate as an 
electron acceptor (Table II-4), with both doing so at levels much lower than those of WT 
or even of the photoautotrophic mutants of this study. Results here indicated the level of 
PSI content needed to sustain photoautotrophy lies between 8% and 25% of the PSI 
content found in WT. 
 
DISCUSSION 
psaAB promoter mutagenesis and PSI abundance 
Based on fluorescence emission signals from each photosystem examined at 77K 
(Figures II-4 and 5) as well as western blot signals for PsaA (Figure II-6), the 
mutagenesis approach using random nucleotides in the sequence region of the psbA2 
promoter that includes both the -35 promoter element and a light-sensitive element 
successfully generated Synechocystis mutants that contained varying levels of PSI. Most 
mutants that were analyzed contained sufficient PSI abundance to enable 
photoautotrophy and survival at a fairly broad range of light intensities, indicating both 
that most nucleotide substitutions in this promoter region allow for psaAB expression and 
that Synechocystis is viable with a broad range of levels of PSI abundance.  
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 Interestingly, while psaA transcript abundance corresponded mostly with PsaA 
protein abundance among the mutants analyzed in this study (Figure II-6), the level of 
transcript in strain B3 was nearly twice that of WT, yet its protein abundance is closer to 
2/3 that of WT. Furthermore, Nat1’s transcript abundance is similar to that of WT, but its 
protein abundance is only about 60% of that of WT. These results indicate that not only is 
it difficult to generate more PSI than WT would have (which is to be expected 
considering multiple factors need to be present in addition to the main apoproteins), but 
that there is another level of post-transcriptional regulation affecting expression in these 
mutants. This could include modification of ribosomal binding with various RNA 
secondary structures, which differ between mutants within the six-nucleotide mutation 
region but also vary from the native transcript structure in Synechocystis, with the psbA2 
upstream region adjoined with psaA in the mutants. At higher light intensity WT 
demonstrates lower PSI:PSII stoichiometry than at lower light intensity relative to mutant 
strains here (Figures II-4 and 5), though this is not unexpected as WT’s native psaAB 
promoter contains sequence that leads to lower expression in a redox-responsive manner 
as light becomes high (Li and Sherman, 2000), unlike the situation that is found for the 
native sequence of the psbA2 promoter (Kappell et al., 2007; Li and Sherman, 2000). In 
very dim light, however, the psaAB region shows positive regulation (Seino et al., 2009). 
 Another factor for psaAB expression that has been observed in eukaryotes is 
translational control acting upon transcripts, such as the effect exerted by a protein called 
Tab2 that in Chlamydomonas reinhardtii is specifically required for translation of psaB 
transcript (Dauvillée et al., 2003). A similar protein, ATAB2, has been found in 
Arabidopsis to be involved in expression of proteins from both photosystem complexes 
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based on activity involving engagement of a blue-light photoreceptor (Berneche et al., 
2006). Another translational control system in barley involves light induction and 
controls whether psaAB transcript becomes translated in these plants (Laing et al., 1988). 
 
PSI abundance and photoautotrophy 
The question of whether both types of photosystems are required to complete 
oxygenic photosynthesis was addressed in the green alga Chlamydomonas reinhardtii. 
Greenbaum et al. (1995) described C. reinhardtii strains lacking in PSI (named B4 and 
F8), as interpreted by spectroscopic and electron paramagnetic resonance techniques, that 
were capable of photosynthetic carbon dioxide reduction through the use of PSII but not 
PSI. Their experiments seemed to suggest that the Z-scheme is an artifact of our oxygen-
rich atmosphere, with PSI protecting a pheophytin-quinone reaction center that 
presumably became unstable in the presence of oxygen (Greenbaum et al., 1995). Lee et 
al. (1996) further showed that these strains could grow photoautotrophically at light 
intensities up to 200 µmol photons m-2 s-1, though the cells were sensitive to 
photoinhibition. 
The notion that complete oxygenic photosynthesis and autotrophic growth could 
occur in the absence of PSI led to further inquiry, which was performed by Redding et al. 
(1999) in a study that examined the PSI content of the B4 and F8 strains and their 
phenotypes in comparison to other C. reinhardtii strains from which PSI had been 
deleted. Quantification of PSI using both spectroscopic and immunoblot techniques 
demonstrated that there was in fact a small level of PSI present in the B4 and F8 strains. 
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Redding et al. (1999) also showed that completely removing PSI from F8 led to changes 
in phenotype, with loss of autotrophy. 
In Synechocystis photoautotrophy (Figure II-8) at lower light intensity (50 µmol 
photons m-2 s-1) is possible with about 25% PSI (compared to the WT level), as seen in 
mutant B16, although this strain often exhibited longer lag times when transitioning from 
plated photomixotrophic growth into photoautotrophic growth in liquid culture. At this 
level of PSI abundance, if assuming a WT ratio of PSII:PSI of 1:3, B16 would have 
PSII:PSI at a ratio of 1.25:1, so more PSII than PSI.  
 Strain D1 and ΔpsaABpro[ZmR] behaved essentially like PSI-less strains did in 
that they contained similar chlorophyll levels (Table II-4) and also were not only 
incapable of photoautotrophic growth at 50 µmol photons m-2 s-1, but they also bleached 
at a similar rate as PSI-less strains (Figure II-7). Both D1 and ΔpsaABpro[ZmR] contained 
less than 10% of the WT level of PSI according to western blots (maximally 8% and 6%, 
respectively) (Figure II-6). The PSII:PSI ratio expected by this abundance of PsaA (again 
in comparison to WT at 1:3) would be 4:1. Both D1 and ΔpsaABpro[ZmR] performed 
oxygen evolution on a per-OD basis at a rate of 25-31% of WT’s capacity. It was 
similarly reported by Wang et al. (2012) that Synechocystis lacking PSI is capable of 
oxygen evolution with bicarbonate as an electron acceptor; however, this strain was 
reported to perform some carbon fixation in the light, though this required presence of 
glucose and was thought to be dependent on an undescribed KCN-sensitive enzyme 
(Wang et al., 2012). In the current study, non-autotrophic strains very low in PSI (PZ and 
D1) were capable of a low level of oxygen evolution (Table II-4), consistent with their 
PSI levels. 
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 In the eukaryote Chlamydomonas, the lower limit of photoautotrophy lies 
somewhere between 7 and 10% of the amount of PsaA compared to WT Chlamydomonas 
(Redding et al., 1999), with slow-growing but photoautotrophic mutants showing 10% 
the amount of PsaA, and non-photoautotrophic mutants showing 7% (Redding et al., 
1999). If WT Chlamydomonas maintains a PSII:PSI ratio of around 1:1, then the limit of 
photoautotrophy lies in the range of 10:1-15:1 PSII:PSI, which is significantly higher 
than that for Synechocystis. This suggests that Synechocystis’s higher relative abundance 
of PSI serves a purpose that is not imperative for Chlamydomonas, potentially related to 
different bioenergetic requirements in these cell types.  
 
Potential for Synechocystis to arrange photosystems within the thylakoid membrane 
Hyperspectral fluorescence (Vermaas et al., 2008) has shown that while PSII in 
Synechocystis appears to be distributed throughout a cell, PSI is frequently located in 
areas where PSII is not found. It could be expected that if PSI abundance is decreased in 
a cell then localization of PSI could be optimized according to a cell’s needs. More 
convincingly, fluorescence induction in the presence of DCMU suggested that WT was 
most able to localize PSI in proximity to PSII (Figure II-13); WT shows the lowest 
degree of fluorescence induction, which implies greater abundance of PSI near PSII to 
quench its fluorescence (Vermaas et al., 1994). All mutant strains in this study showed 
higher Fv/Fm than WT did, but in a nonlinear fashion (Figure II-13): as the quantity of PSI 
decreases by 40% in a strain (compared to WT), variable fluorescence increases to a level 
comparable to that in strains with very little PSI. This suggests that even with a modest 
(40%) reduction in PSI significantly fewer PSI complexes are located near PSII.  
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All of this suggests that localization of PSI within thylakoids is a function of PSI 
abundance, with localization away from PSII taking precedence over localization in 
proximity to PSII. These results suggest that Synechocystis maintains two types of PSI 
populations: those that cluster together for CEF and those that are located near PSII.  
 
Effects of PSI abundance on linear electron flow 
Changes in PSI abundance could have consequences on linear electron flow, 
cyclic electron flow around PSI and/or attenuation of light through a cell or culture as a 
side effect of altering overall chlorophyll concentration in the cell. From Figure II-8 it is 
clear that photoautotrophic growth at 50 µmol photons m-2 s-1 was affected by PSI 
content, even though at fully saturating light intensity PSI content did not limit capacity 
for LEF (Figures II-14-17). A light intensity around 50 µmol photons m-2 s-1 is far from 
half-saturating for the mutants, thus explaining the slower growth of the reduced-PSI 
strains at this light intensity. However, for WT this light intensity is nearer to its half-
saturation point, and WT was able to better capture photons at this light intensity than the 
mutants in this study were. 
 The trend among all strains in this study is that strains with greater PSI content 
become saturated with light at a lower light intensity. Because of the higher intensity 
needed for saturation, lower-PSI strains have potential to maintain more efficient 
utilization of photons on a per-chlorophyll basis. This is also a likely consequence of the 
shading effect of chlorophyll. At WT levels of chlorophyll, a single cell at the surface of 
a culture can capture more photons than it needs, which may be advantageous for 
outcompeting other cells in a natural setting, but in a culture designed to support a high 
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density of this cell type at maximum overall productivity, this feature is a hindrance. A 
strain designed for photobioreactor growth would ideally maximize the light-harvesting 
capacity of the entire culture, which would mean designing cells to capture no more light 
than they need and allowing more light to reach a greater number of cells. This is a 
pattern that has been demonstrated with reduction in chlorophyll-based light-harvesting 
antennae in green algae – shown experimentally by Perrine et al. (2012) and simulated by 
Ort et al. (2011) – and is similar in concept to the observation by one research group that 
a reduction in cyanobacterial phycobilisome antennae may also enhance overall culture 
productivity with increased light (Kirst et al., 2014). 
The higher productivity per chlorophyll may have implications for strain 
development in outdoor bioreactor growth conditions, in which ambient light intensity 
can be quite high, but steep light gradients exist within a culture, and cells at the surface 
may quench much of the light by non-photochemical quenching. As light intensity 
increased (Figure II-9), mutants in this study began to grow at a rate much closer to that 
of WT, which is in line with results for increased oxygen evolution for lower-PSI mutants 
as light intensity increased and with the model for chlorophyll abundance and photon 
capture presented in Figure II-18. 
 
Consequences of PSI abundance on cyclic electron flow around PSI 
The relatively high natural abundance of PSI in Synechocystis WT may lend this 
strain to enhanced capacity for cyclic electron flow around PSI. In fact, this appears to be 
the case based on P700+ reduction kinetics in the presence of DCMU, when compared to 
strains that contain less PSI (Table II-4 and Figure II-10). Figure II-11 presents a model 
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in which the abundant PSI in WT drives electron flow throughout P700 reaction centers 
more efficiently than with fewer PSI complexes in the presence of DCMU. This can be 
seen by the lower half-time for re-reduction evident in WT compared to the much slower 
re-reduction found in mutant strains (such as the mutants with a medium amount of PSI). 
On the other hand, very low PSI-content strains appear to have so few P700 reaction 
centers that they are easily reduced by electrons present within the PQ pool that come 
from respiratory activity or other processes interacting in the thylakoid membrane. Even 
though throughout this study (Table II-4) Synechocystis WT showed the greatest capacity 
for cyclic electron flow around PSI as evidenced by P700 re-reduction in the presence of 
DCMU, it did not appear to maintain a higher ratio of ATP versus other adenosine 
phosphates. In fact, all strains studied here appeared to maintain healthy and essentially 
similar cellular energy charges. WT showed a slightly lower energy charge than did the 
mutants, though this likely reflects slightly greater difficulty in quenching and/or 
extracting adenosine phosphates from WT. Even so, measurements of adenosine 
phosphates among these strains suggested that Synechocystis can effectively modulate 
adenosine phosphate ratios based on metabolic factors outside of capacity for cyclic 
electron flow around PSI. While experimental artifacts may have potential to contribute 
to results (such as either a tougher cell wall in WT than in mutants or more metabolic 
activity occurring before onset of quenching), overall the highly repeatable and similar 
energy charges among these strains call into question the purpose of cyclic electron flow 
as a tool to generate a greater proportion of ATP. It may in fact be the case that cyclic 
electron flow performs other aims, though it is also quite likely the case that strains with 
less capacity for CEF are burdened in other ways in efforts to maintain ATP levels.  
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 Similarity of cellular energy charges among strains (Table II-4) is somewhat in 
line with results of growth with salt stress (Figure II-12). While WT grew faster than the 
tested mutants did in the presence of salt, the degree to which WT was inhibited by salt 
was generally greater than the degree to which a low-PSI strain (B16) or medium-PSII 
strain (C5) was inhibited. It is possible that the growth of B16 without additives is 
already inhibited enough to not show a strong effect in the presence of a new stressor. 
However, if this strain were severely depleted in ATP then it would be likely that the 
presence of this moderately high NaCl concentration would show a strong effect on cell 
viability. Instead, this strain showed salt stress, but it still grew at a rate like that of C5, a 
medium-PSI strain, with salt. Considering that the CEC value for B16 was at an 
adequately high level, it is possible this strain already was engaging compensatory 
mechanisms to maintain ATP needs. Considering the greatest difference between strains 
tolerating salt occurred in the later hours of measurement (4-24 hours), it is possible that 
a lower PSI:PSII stoichiometry in the mutant strains was beneficial for accumulation of 
glucosylglycerol, which is a metabolite rich in reduced carbon. 
 In Chlamydomonas reinhardtii, dependence on mitochondrial respiration 
increases upon inhibition of CEF around PSI, indicating adjustment for ATP synthesis 
that is lacking without CEF (Dang et al., 2014). In this study Synechocystis mutants that 
are depleted in CEF may pursue other strategies to maintain required levels of ATP.  
 
Other factors involved in cyclic electron flow 
While other pathways may exist, there are two main pathways usually described 
as contributing to cyclic electron flow in green plants, one of which uses NDH-1 
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(Battchikova et al., 2011; Kramer and Evans, 2011), and the other the proton-gradient 
regulation system called PGR5 (Shikanai, 2007; Kramer and Evans, 2011). It is possible 
that under certain conditions ATP synthase may not be able to generate ATP rapidly 
enough to modulate pH, and with it Dy, in the thylakoid lumen (Armbruster et al., 2014). 
When this occurs, it would be necessary to move protons out of the lumen and into the 
cytosol. One way that has been characterized to do this in Arabidopsis is through use of 
the KEA3 K+/H+ antiporter (and perhaps other potassium transporters) present in 
thylakoid membranes (Armbruster et al., 2014). This complex may assist in proton 
dissipation under certain conditions, such as transitioning from light to dark conditions or 
for dim-light conditions, and is hypothesized to be repressed by NADPH or activated by 
NADP+ (Armbruster et al., 2014). Synechocystis is believed to have a thylakoid 
potassium channel, SynK (encoded by slr0498); data from a deletion mutant suggested 
that this potassium channel is required for efficient photosynthesis and optimal growth 
with a reduced thylakoid ΔpH (Checchetto et al., 2012). However, Synechocystis has 
other genes whose products show even greater sequence similarity to Arabidopsis’ 
KEA3, including sll0536, sll0993, and slr1664 (http://www.ncbi.nlm.nih.gov/BLAST/). These 
genes perhaps merit further study into their relationships to thylakoid potassium channels. 
 
Conclusion 
Synechocystis maintains more PSI per PSII than is needed to sustain growth, and 
at fairly low light intensities this abundance of PSI helps with productivity as the 
abundant chlorophyll is able to capture and utilize a limited supply of photons. However, 
with increased light intensity abundant PSI seems to incur no advantage in terms of 
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capacity for linear electron flow; in fact, the abundance of chlorophyll present in WT 
appears to make this strain less productive than lower-PSI strains are. The PSI content of 
WT enables it to drive more electron flow through cyclic electron flow pathways around 
PSI, though this does not appear to sustain enhanced ATP levels relative to strains with 
less PSI, due most likely to other compensatory mechanisms that may limit strains in 
other ways. WT does appear to have the greatest flexibility among strains presented here 
in terms of arranging PSI complexes throughout the thylakoid membrane due to have 
abundant enough PSI complexes to arrange them optimally. Maintaining lower levels of 
PSI may enhance culture productivity in high-light conditions by reducing shading 
conferred by abundant chlorophyll. The lower limit of PSI abundance that enables 
photoautotrophy remains unclear, although a strain with 8% of the PSI content of WT, 
while capable of photosynthetic oxygen evolution, shows inability to grow or even 
survive in 50 µmol photons m-2 s-1, as is the case with a PSI-less strain. 
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CHAPTER 3 
FLAVOPROTEIN 3 DELETION IN LAURATE-SECRETING SYNECHOCYSTIS 
STRAINS  
 
INTRODUCTION 
Photosynthesis uses energy from sunlight to oxidize water, which releases 
electrons that are used primarily to reduce nicotinamide adenine dinucleotide phosphate 
(oxidized form; NADP+) and to generate a proton motive force (pmf) that ultimately 
allows regeneration of adenosine triphosphate (ATP) (Allen, 2002). NADPH 
(nicotinamide adenine dinucleotide phosphate, reduced form) and ATP provide reducing 
power and energy currency, respectively, for a wide variety of metabolic processes within 
a cell, with every enzymatic process requiring its own contributions of each. It is logical 
that cells would maintain NADPH and ATP in amounts proportional to metabolic needs, 
and fluctuations in dominant metabolic processes might lead to fluctuations in NADPH 
or ATP levels (Kramer and Evans, 2011).  
Photosynthetic linear electron flow (LEF) by itself gives rise to a fixed ratio of 
ATP and NADPH in a cell, with one NADPH molecule formed per two electrons. The 
number of lumenal protons required to form one ATP molecule varies from organism to 
organism based on the c-ring structure of the Fo subunit of ATP synthase (Pogoryelov et 
al., 2007), and overall pmf depends on presence or absence of a Q-cycle in cytochrome 
b6f (Dumas et al., 2016; Kono et al., 2014). In general, for an organism in stable light 
conditions the amount of ATP generated by LEF would be expected to be relatively 
constant, with a total capacity of 1.9-2.8 x 1011 ATP per Synechocystis cell possible in 24 
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hours of constant light and assuming 1.4 x 107 chlorophyll molecules per cell (Keren et 
al., 2004) and 40,000 PSII molecules (calculation elaborated upon in Chapter 1). 
However, in addition to formation of NADPH there are other destinations for electrons 
leaving photosystem I (PSI) that may lead to adjustments of ATP:NADPH ratio within a 
cell (Mullineaux, 2014).  
The contributions of different alternative electron flows to overall metabolism 
vary by organism and condition and also by function (Yamamoto et al., 2016; Schottler et 
al., 2015), but they tend to have an effect of diverting an electron that might otherwise 
reduce NADP+ to NADPH.  In the case of cyclic electron flow (CEF) around PSI, this 
electron would further contribute to pmf through the cytochrome b6f complex, ultimately 
providing more material for ATP production (Schottler et al., 2015). The electron may go 
on to reduce NADP+ with an additional excitation of PSI, but per NADPH generated, 
more ATP has been produced than by LEF alone (Allen, 2002).   
One alternative destination for electrons is a photosynthetic water-water cycle, 
which, in chloroplasts, involves reduction of photosynthetically generated oxygen into 
water with intermediates that include reactive oxygen species (Asada, 1999). The water-
water cycle is thought to occur and/or be enhanced under light-stress conditions (Yamori 
and Shikanai, 2016), and the purpose of this reaction may be to act as an electron “safety 
valve” when cells are in the presence of too much light for them to utilize electrons from 
photosynthesis immediately for carbon fixation (Hackenberg et al., 2009). The 
conventional water-water cycle itself, which involves reduction of photosynthetically-
generated O2 by electrons from PSI, produces particularly harmful intermediate products 
– O2- and H2O2 – that are effectively scavenged by superoxide dismutase and catalase, 
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with formation of H2O as the result (Asada, 2000). However, a process equivalent in 
function to the traditional water-water cycle may exist in cyanobacteria that avoids 
creation of these harmful products (Helman et al., 2003). The first observation of any 
flavodiiron protein system was reported in 1968 from the anaerobe Desulfovibrio gigas, 
and this protein system has been thought to allow oxygen tolerance to this organism 
while also providing NAD+ regeneration (Goncalves et al., 2011; Chen et al., 1993). 
In cyanobacteria, specifically Synechocystis, the direct photoreduction of O2 to 
H2O has been suggested to be mediated by flavoprotein (Flv) hetero-oligomers consisting 
of Flv1 and Flv3 proteins (Helman et al., 2003). Synechocystis also contains two other 
flavoproteins, Flv2 and Flv4, that are associated with PSII instead of PSI (Zhang et al., 
2009).  
Almost all oxygenic phototrophs studied among the three domains of life contain 
two types of flavoproteins, although each of these is considered to come from Class C of 
flavodiiron proteins (out of four known classes), defined as having an NAD(P)H:flavin 
oxidoreductase domain near a flavodiiron core’s C-terminus (Goncalves et al., 2011). 
This domain can bind a flavin mononucleotide or a flavin adenine dinucleotide with 
NAD(P)H oxidation coupled directly to oxygen (or nitric oxide) reduction (Goncalves et 
al., 2011). Within Class C flavodiiron proteins there are 12 types of proteins, which differ 
by ligand site sequence (Goncalves et al., 2011). Flv3 and Flv4 are of Type I, and Flv1 
and Flv2 are of Type II. Type I contains amino acid sequence in the active site of H91-X-
E93-X-D95-H96, which more closely resembles the sequence conserved for D. gigas’ iron-
binding site residues (Vicente et al., 2002), while Type II contains sequence of H158-X18-
D177-X56-H233. While Flv3 appears to be involved in oxidative stress tolerance with 
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sequence associated with oxygen reduction, it remains unclear why oxygen reduction has 
not been demonstrated in Flv1, Flv2 or Flv4 (Goncalves et al., 2011). 
Analysis of deletion mutants in a WT background revealed Flv3 to be dispensable 
for cell viability and growth in standard laboratory photosynthetic growth conditions 
(Helman et al., 2003). More recently, however, it was found that in repeated, rapidly 
changing light conditions (from 25 to 250 µmol photons m-2 s-1), WT fared far better in 
survival and growth than an Flv3-minus mutant did, suggesting a physiological role for 
this protein related to rapid response to light stress, (Allahverdiyeva et al., 2013), perhaps 
by in fact acting as an electron “safety valve” when in the presence of too much light. 
However, oxygen evolution measurements typically show less oxygen evolution in 
strains without Flv3 than those with it (Helman et al., 2003; Zhang et al., 2009; 
Allahverdiyeva et al., 2011; Allahverdiyeva et al., 2013) even though stable isotope 
labeling of O2 has suggested that presence of Flv3 is associated with reduction of O2 into 
H2O (Helman et al., 2003). Furthermore, in vitro analysis of Flv3 using a Clark-type 
oxygen electrode and supplied with NADH had a rate of oxygen consumption of 0.38 + 
0.05 molecules per Flv3 per minute, and 0.20 + 0.06 molecules per Flv3 per minute with 
NADPH (Vicente et al., 2002), which seems slow for a process that may need to occur 
rapidly for a cell to deal with oxidative stress. This enzyme also showed about five times 
greater affinity for NADH than for NADPH (Vicente et al., 2002). Also, interestingly, 
recently it was shown that Flv3 acting alone serves a different function than Flv1/3 
hetero-oligomers do, with the former useful for an unspecified stress-related function in 
fluctuating light (and likely involved in reactions in which oxygen is not the terminal 
electron acceptor), and oxygen reduction occurring with the latter (Mustila et al., 2016). 
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There is currently great interest in metabolic engineering for the production of 
microbial biofuels and other products of interest, and the fine-tuning of metabolic 
processes for optimization of specific reactions is crucial. While photoreduction of O2 
diverts electrons that may otherwise reduce NADP+, unlike CEF this process is not 
expected to directly add to pmf. However, the process of water oxidation generates 
lumenal protons independently of pmf through cytochrome b6f, which may lead to net 
enhancement of ATP per NADPH when photoreduction of O2 occurs (Hasunuma et al., 
2014). Based on the expectation of a need for energy balance as it applies to metabolic 
reactions set forth by Kramer and Evans (2011), Hasunuma et al. (2014) set out to 
enhance glycogen synthesis by overexpressing Flv3 in Synechocystis. Their hypothesis 
was that this would lead to an enhanced amount of ATP versus NADPH and therefore 
glycogen, as the latter steps of glycogen synthesis require a higher proportion of ATP 
versus NADPH. Their results suggest that overexpression of the gene for this protein may 
have led to both enhanced ATP synthesis and glycogen synthesis (Hasunuma et al., 
2014). Glycogen synthesis very slightly increased from approximately 0.09 grams per 
gram of cell dry weight to about 0.12 grams per gram of cell dry weight. ATP was said to 
exist in the background strain at a concentration of <0.01 µmol per gram of cell dry 
weight, with an increase to 0.207 µmol per gram of cell dry weight in the Flv3 
overexpression mutant (Hasunuma et al., 2014). It remains unclear how this apparent 
dramatic increase in ATP relates to the slight increase in glycogen production. 
Interestingly, the Flv3 overexpression mutant showed significantly greater oxygen 
evolution in light than the background strain did, at approximately 300 µmol oxygen per 
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mg-Chl per hour for the Flv3 overexpresser versus approximately 225 µmol oxygen per 
mg-Chl per hour for WT (Hasunuma et al., 2014).  
 Another product of interest for biofuel production is laurate, secretion of which 
has been demonstrated in mutants generated by our laboratory, and the basis of which is 
described in Liu et al. (2011). Upon insertion of a thioesterase gene from Umbellularia 
californica (Pollard et al., 1991) into Synechocystis, fatty acid biosynthesis leads to 
secretion of laurate from cells into the culture medium (Liu et al., 2011). This is because 
this thioesterase hydrolyzes the bond between acyl carrier protein and its fatty acid when 
the fatty acid is twelve carbons long (Pollard et al., 1991). This effect is enhanced by 
deletion of the gene slr1609, which codes for an acyl-ACP synthase, and the lack of 
which prevents laurate from being effectively incorporated into cellular membranes 
(Kaczmarzyk and Fulda, 2010). The strain of interest to the current study, with this 
thioesterase gene inserted and slr1609 deleted, is called TE/Dslr1609, or Td, with both 
notations found in this dissertation.  
To test whether it is possible to achieve optimal balancing of reducing power to 
cellular energy currency, deletion of Flv3 in TE/Dslr1609 was undertaken to determine 
whether this has any effect on the amount of laurate secreted by these mutants. In terms 
of growth this laurate-secretion strain produced laurate but also grew significantly more 
slowly than WT did. Fatty acid biosynthesis from acetyl-CoA requires a somewhat high 
ratio of NADPH to ATP, a 2:1 ratio (Volpe and Vagelos, 1976), and we hypothesized 
that eliminating the electron diversion provided by the Flv1/3 heterodimer would enable 
greater reduction of NADP+ to NADPH, and therefore more laurate synthesis. 
Furthermore, the effect of overall PSI quantity was evaluated as well. Mutants varying in 
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levels of PSI (described in Chapter 2) showed different P700 oxidation characteristics, so 
two such mutant backgrounds were chosen as another variable in this study.   
 
METHODS 
Strain development 
 In this study, the gene (sll0550) for Flv3 expression was deleted from a variety of 
background strains of Synechocystis. The background strains examined with and without 
Flv3 throughout most experiments of this study contained the thioesterase for laurate 
secretion described above and are noted by a prefix of “Td”. Also, two PSI-abundance 
mutants (“C8” and “B3” from Chapter 2) were included as mutations along with laurate 
secretion. Flv3 was deleted from all strains by deletion of a portion of the sll0550 gene 
through replacement by a gentamicin-resistance cassette (GmR). Primers used to generate 
the final deletion plasmid construct pDFlv3-Gm_bam are shown in Table III-1. 
Table III-1. Primers Used for Flv3 Deletion. 
Primer name Sequence 
sll0550-F 5'-CAG TCT CAA CAT ATG GAG CGC CAA C-3' 
sll0550-R 5'-TAC TTC ACA CTC GAG ATA GGC TAG CG-3' 
Gm-FnewLonger 
5'-TAT TAT TTA TTT AGA ATT CTA AGC CTG TTC 
GGT TCG TAA AC-3' 
Gm-RBam 
5'-ATA TAT ATA TAT GGA TCC GTT GTG ACA ATT 
TAC CG-3' 
sll0550plasEcoUpper 5'-TTT GTA GGC CGA ATT CAA TAT C-3' 
sll0550plasBamRevUpper 5'-TAA GCT CCG CGG ATC CTC AGG-3' 
 
  
The construct plasmid, pDFlv3-Gm_bam, used to knock out sll0550 from 
Synechocystis, is shown in Figure III-1. 
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Figure III-1. Plasmid Construct for Deleting sll0550. 
 
Phenotypic characterizations 
Cultures were grown photoautotrophically in flasks bubbled with air at 25 µmol 
photons m-2 s-1 for most baseline experiments and at 100 µmol photons m-2 s-1 for 
experiments in comparison with a higher light intensity for growth and laurate-secretion 
comparisons at low and high light intensities. Cultures were inoculated from BG11 plates 
(Rippka et al., 1979) containing 5 mM glucose and 50 µg/mL kanamycin. Growth curves 
were developed from cells diluted from the mid-log phase. For higher light-intensity 
growth, cultures initially grew in liquid at 25 µmol photons m-2 s-1 and were transferred to 
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higher light-intensity (100 µmol photons m-2 s-1) conditions at which they were analyzed 
for growth. 
Oxygen measurements were taken using a Clark-type electrode operated with 
Oxygraph software (Hansatech). The temperature was maintained at 30oC, and a xenon 
light source provided light that was passed through a yellow filter before reaching the 
sample. The light intensity was approximately 1300 µmol photons m-2 s-1 for saturating 
light conditions. Respiration rates were determined of cultures in the dark (after 
equilibration of the electrode), and then oxygen evolution was measured upon 
introduction of light and either 10 mM sodium bicarbonate, for whole-chain 
photosynthetic oxygen evolution measurements, or 200 µM 2,5-dimethyl-p-
benzoquinone (DMBQ) with 1 mM potassium ferricyanide, for PSII-specific oxygen 
evolution measurements.  
Fluorescence induction of concentrated cell suspensions in fresh BG11 (OD730 of 
approximately 20) was measured using a Walz Dual-PAM-100 fluorometer. The 
fluorescence measuring light intensity was set to 5 µmol photons m-2 s-1-1 for cells without 
additions, and to 3 µmol photons m-2 s-1 for cells in the presence of 10 µM 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU). Measurements used orange/red (635 nm) 
actinic light with an intensity of approximately 2 mol photons m-2 s-1. Actinic light was 
on for approximately three seconds, and the fluorescence rise upon introduction of actinic 
light and decay upon switching off the actinic light, as well as variable fluorescence 
values, were measured.  
For measurements of P700 oxidation and reduction kinetics, cells were prepared 
as for fluorescence induction, and analyzed with a Dual-PAM-100 fluorometer. 
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Measuring light (830 and 875 nm) was held at an instrument intensity setting of 7, which, 
on a scale of 1-20, produced optimal signal for the conditions of these experiments. 
Orange/red actinic light (635 nm) was set to an intensity of 2 mol photons m-2 s-1. The 
amplitude of the voltage change was measured for all cultures upon introduction of 
actinic light. In order to use up electrons from the intersystem electron pool but not fully 
exhaust the supply available for cyclic electron flow, ten actinic light pulses were 
introduced to each sample. It was after the final light pulse that the rate of P700+ 
reduction was measured. Actinic light pulses were 20 ms in width and began every 500 
ms for cells treated with 10 µM DCMU, and they were 50 ms in width and began every 
500 ms for cells without DCMU addition. 
 To extract adenosine phosphates and pyridine nucleotides, 100 mL of culture was 
grown photoautotrophically to about 0.5 OD730, incubated at 30 oC at 50 µmol photons m-
2 s-1. Extraction technique was partially based on the protocol of Bennette et al. (2011), 
but with modifications, including exposure to light prior to quenching. Cells were 
vacuum filtered at a laboratory bench in the light (set to 80 µmol photons m-2 s-1). Three 
nylon filters were used for 100 mL of culture. To quench, each filter was immediately 
placed upside-down in a small petri dish containing 3 mL of 80% methanol and 300 µL 
of 10 mM ammonium bicarbonate. These components had been placed in the -80oC 
freezer until use, and after filters had been added the petri dish was returned to the -80oC 
freezer for 10 minutes. Subsequently cell debris was scraped from each filter, and the 
liquid including the scraped-off cells was split into two 2-mL eppendorf tubes. One tube 
received 1 mM dithiothreitol for pyridine nucleotide analysis, and the other did not and 
was used for adenosine phosphate analysis. Each tube was centrifuged for 5 minutes at 
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16,100 g, and the supernatant was placed into a new tube. This supernatant was 
concentrated in a speedvac to a final volume slightly above 100 µL for analysis by 
LC/MS. For LC/MS measurement, 5 µL of this concentrated sample were injected into a 
Dionex Ultimate 3000 HPLC with a Synergi 4 µm Hydro RP 250 x 1 mm ID separation 
column (Phenomenex), operating with a flow rate of 0.5 mL/minute. The solvent 
composition began with 10 mM tributylamine (pH 4.95, with 15 mM acetic acid in water) 
for the first minute, at which time methanol was added, reaching a concentration of: 38% 
at 13 minutes, then 51% at 21 minutes, 59% at 25 minutes, and finally 95% at 28 minutes 
(all changes as linear gradients), where it remained for 4 minutes before decreasing to 0% 
at 35 minutes when the run was complete and the column equilibrated for 3 minutes.   
 For free fatty acid analysis, the 15-mL culture sample received a 10 mM final 
concentration of EDTA (to solubilize fatty acids in the supernatant through chelation of 
cations), prior to centrifugation. The supernatant was directly examined for secreted fatty 
acids after a 20 µL aliquot of supernatant was mixed with a 20 µL aliquot of standard 
solution consisting of 20 µM heptadecanoic acid (as an internal standard) dissolved in 
methanol with 10 mM NH4OH. For analysis of samples, 5 µL of each mixture was 
injected into a Dionex Ultimate 3000 HPLC System fitted with a Zorbax Extend 
(Agilent) or Xbridge (Waters) C18 column. Each HPLC run involved a starting 
concentration of 50% water and 50% methanol with a flow rate of 200 µL/minute, with 
methanol linearly increasing to 100% of the solvent concentration at 26 minutes and 
continuing for the remaining 20 minutes of the run. Laurate was quantified by size 
relative to the heptadecanoic acid standard by ESI-MS in negative ion mode in a Bruker 
MicrOTOF-Q mass spectrometer with settings of +3900 V for capillary voltage and 10 
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eV for collision energy. Standards of varying quantities of laurate concentrations ranging 
from 50 µM to 1 mM were also run separately to calibrate the quantification of each run.  
 
RESULTS 
Flv3-deletion strains were developed after transformation of Synechocystis host-
strains with the pDflv3-Gm_bam plasmid (Figure III-1) and treatment with gradually 
increasing concentrations of gentamicin on BG11 plates with 5 mM glucose. All strains 
with Flv3 deleted from them were fully segregated with a concentration of gentamicin of 
30-35 µg/mL, after starting with a concentration of 2.5-5 µg/mL of gentamicin.  
 
Growth characteristics among strains  
Photoautotrophic growth characteristics of strains at 25 µmol photons m-2 s-1 are 
shown in Figure III-2. Most strains showed similar growth rates in this relatively low-
light condition, but strains with less PSI (TdC8 and TdC8-f) grew more slowly. The 
greatest variability in growth rate was shown in TdC8-f, but even so it grew consistently 
more slowly than did any other strain. At this light intensity, stationary phase can result 
in great light limitation, and the strain that appeared consistently most affected by this 
during the time span of these measurements was strain Td-f, which essentially stopped 
growing at slightly above an OD730 of 1.0, while other high-PSI strains were clearly less 
inhibited in growth.  
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 Growth at higher light intensity (100 µmol m-2 s-1; Figure III-3) was faster for all 
strains than at lower light intensity (Figure III-2). Strain TdC8, which is a lower-PSI 
strain that contains Flv3, grew more quickly relative to other strains at higher light 
intensity, while at lower light intensity it was a more slowly growing strain. This suggests 
that within the range examined here, as light intensity increases, lower PSI content is 
perhaps more beneficial than higher PSI content is, similar to what was shown in Chapter 
2. From one replicate to the next, while there may be variation in growth rate between 
strains with or without Flv3, their growth rates at 100 µmol m-2 s-1 were quite similar. All 
laurate-secreting strains grew more slowly than WT and WT–Flv3 did. Flv3 had no 
obvious effect on growth in a WT background. 
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Figure III-2. Photoautotrophic Growth at 25 µmol photons m-2 s-1. Note the 
logarithmic scale on the y-axis. Error bars represent standard error of the mean for three 
independent experiments. 
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Chlorophyll abundance among strains 
In cyanobacteria chlorophyll abundance is closely related to PSI abundance, so 
chlorophyll abundance can serve as a proxy for PSI abundance. To ascertain the effect of 
PSI abundance on laurate secretion, chlorophyll was measured. Concentration of 
chlorophyll in cells can serve as a first-order estimate of relative abundance of PSI since 
in cyanobacteria chlorophyll is mostly associated with PSI (96 chlorophyll molecules per 
PSI monomer vs. 35 per PSII monomer (Jordan et al., 2001), and the PSI:PSII ratio is 
significantly larger than one (Fujimori et al., 2005)). Table III-2 shows chlorophyll 
concentrations among strains grown photoautotrophically at 25 µmol photons m-2 s-1, 
with chlorophyll extracted from exponentially growing cultures in three independent 
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Figure III-3. Photoautotrophic Growth at 100 µmol photons m-2 s-1. Note the 
logarithmic scale on the y-axis. Error bars represent standard error of the mean for three 
independent experiments. 
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experiments ranging from about OD730 of 0.25 to 0.55. In line with the fact that 
TE/Dslr1609 (Td) was not mutated to induce change in PSI content, the chlorophyll 
concentration for this strain is highest, along with that for the Flv3 deletion mutant of Td 
(Td-f). The strain TdB3, containing approximately 60% of the amount of PSI as is found 
in WT, is a mutant that is higher in PSI than is TdC8, which contains approximately 30% 
of the PSI found in WT. However, TdC8 and TdC8-f have slightly different amounts of 
chlorophyll, with this Flv3-deletion mutant (TdC8-f) showing a 20% lower amount of 
chlorophyll than TdC8 does.  
 
Table III-2. Phenotypic Characteristics with Flv3 Deletion: chlorophyll content, oxygen evolution, 
P700+ reduction kinetics with DCMU, and cellular energy charge (CEC; (ATP + ½ ADP)/(AMP + 
ADP + ATP)). Cells were grown photoautotrophically at 25 µmol photons m-2 s-1. Errors presented 
as SEM (n=3 for chlorophyll; n=3-4 for oxygen evolution; n=4 for P700+ reduction; n=5 for CEC). 
 Chlorophyll 
O2 evolution with 10 
mM NaHCO3 
O2 evolution 
with DMBQ 
& potassium 
ferricyanide 
P700+ reduction 
(+DCMU) CEC 
Strain µg/ml/OD730 
nmol 
O2/h/OD730 
µmol 
O2/h/mg 
Chl 
µmol 
O2/h/mg Chl 
t1/2 (ms) D voltage a.u. 
Td 4.0 + 0.11 746 + 72 133 + 7 121 + 11 3126 
+ 
212 
0.600 + 
0.01 
0.85 + 
0.02 
Td-f 4.1 + 0.01 625 + 60 115 + 6 89 + 24 3119 
+ 
246 
0.582 + 
0.01 
0.82 + 
0.02 
TdB3 3.6 + 0.24 713 + 78 135 + 19 137 + 11 2494 
+ 
119 
0.597 + 
0.01 
0.81 + 
0.02 
TdB3-f 3.4 + 0.12 646 + 54 130 + 4 145 + 6.6 1838 
+ 
162 
0.555 + 
0.03 
0.79 + 
0.02 
TdC8 2.5 + 0.14 997 + 26 306 + 16 202 + 56 1150 
+ 
60 
0.309 + 
0.01 
0.82 + 
0.02 
TdC8-f 2.0 + 0.09 831 + 82 278 + 15 272 + 27 1005 
+ 
32 
0.288 + 
0.01 
0.81 + 
0.02 
 
 
O2 evolution characteristics 
One question surrounding the existence of Flv3 in Synechocystis has been how 
much it relates to oxygen consumption in a role as an “electron valve” for excess 
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electrons from PSI. Since a rationale for deleting this protein from laurate-secreting 
strains was to remove a possible electron sink, oxygen evolution characteristics with and 
without Flv3 were measured. At saturating light intensity, the strains with lower PSI 
(TdC8 and TdC8-f) showed the greatest oxygen evolution (Table III-2) on both a per-OD 
and per-chlorophyll basis as well as when measured based on photosynthetic activity 
(with sodium bicarbonate) or PSII activity alone (with DMBQ and potassium 
ferricyanide (PFC)). Interestingly, when oxygen evolution from whole-chain 
photosynthetic activity was measured (using sodium bicarbonate), for all strains the 
amount of oxygen evolution was less in the absence of Flv3, rather than equal to or more 
than that found with Flv3 present.  
 
P700 redox kinetics 
Since Flv3 has been thought to be involved in removal of excess electrons coming 
from the acceptor side of PSI and since introduction of laurate production provides a 
powerful sink for NADPH, P700 redox kinetics were examined to determine whether 
Flv3 and/or PSI levels influenced the rate at which P700+ is re-reduced in the presence of 
DCMU. Table III-2 shows that the presence or absence of Flv3 did not have a major 
effect on P700+ re-reduction kinetics. However, the laurate-producing mutants with 
decreased PSI levels showed greatly increased P700+ reduction times with DCMU 
compared to WT, in variance with what was presented in Chapter 2 on non-laurate-
producing strains. The slow P700+ re-reduction kinetics in laurate-producing strains with 
reduced PSI indicate that these strains, due to laurate synthesis, have a strong electron 
sink that reduces cyclic electron flow. This may also suggest fewer respiratory electrons 
  82 
via NDH-1 are available in these strains. A model, similar to that presented in Figure II-
17 of Chapter 2, illustrates this in Figure III-4. 
 
Figure III-4. Model for Electron Flow Around PSI with Laurate Secretion. 
 
Fluorescence induction and decay 
If the removal of an electron sink has any effect on the efficiency of 
photosynthesis, this may be visible in variable fluorescence. Fluorescence induction and 
decay were analyzed for each strain to ascertain whether strains with and without Flv3 
differed with respect to quenching of PSII fluorescence by PSI. For each strain presence 
or absence of Flv3 had no effect on induction of fluorescence; however, presence or 
absence of Flv3 had a notable effect on fluorescence decay, visible in the shape of a 
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strain’s dark-adapted fluorescence induction and decay curve (Figure III-5). In all cases, 
in the absence of Flv3 a slower dissipation of variable fluorescence was observed, 
suggesting a more reduced PQ pool after illumination of these mutants. 
 
 
Adenosine phosphates and pyridine nucleotides 
Since Flv3 is thought to remove electrons from NADPH at PSI, this activity may 
influence cyclic electron flow around PSI. If so, this could potentially be reflected in ATP 
abundance. To determine whether an impact on adenosine phosphate concentrations 
exists among strains with and without Flv3, adenosine phosphates were measured with 
cellular energy charges (CEC) (Pradet and Raymond, 1983) calculated for each. All 
strains demonstrated similar CEC values (Table III-2). However, strains without Flv3 
Figure III-5. Fluorescence Induction Curves. Mutant strains were grown 
photoautotrophically at 25 µmol photons m-2 s-1, fluorescence was measured for each 
using a Dual-PAM-100 fluorometer. Absence of a y-axis is due to the fact that 
fluorescence values were adjusted to remove overlap between signals from some strains. 
The upward black arrow indicates when actinic light was turned on, and the downward 
arrow indicates when the light was turned off.  
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consistently showed a slightly lower (albeit not statistically significant) CEC, reflecting 
slightly less ATP relative to total adenine nucleotides. Figure III-6 shows the proportion 
of pyridine nucleotides in reduced form (NADPH) relative to the total (NADPH and 
NADP+). There is significant variability between experiments (Figure III-6, top), but 
within each experiment the extracts from Flv3-deletion strains consistently contained 
about a 15-20% higher proportion of NADPH than their counterparts that contained Flv3 
did (Figure III-6, bottom). 
 
Laurate secretion  
With 15-20% higher concentrations of NADPH in strains that have Flv3 deleted, 
it was expected that laurate synthesis (which could potentially benefit from more 
NADPH) could be enhanced. When grown at 25 µmol photons m-2 s-1 laurate production 
in all strains (Figure III-7) was reduced by the low level of light, but there were slight 
variations among strains as far as how much laurate was secreted per density of culture 
(OD), with trends appearing fairly similar whether in an early-growth phase (OD around 
0.5) or in a later stage of growth (OD around 1.0 and above). There was a negative 
correlation with growth rate: TdB3-f often grew more quickly than other strains did, but 
it was least productive in laurate secretion per OD. On the other hand, TdC8-f grew most 
slowly of all strains, but per OD it tended toward being the highest producer of laurate, 
tied with Td-f. In one experiment TdC8-f grew at a faster rate than it did in the other two 
experiments, and in that experiment it had the lowest levels of secretion of laurate 
compared to its performance in the other two experiments. This is in line with general 
laboratory observations of Td that laurate production tends to be higher when cells grow 
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more slowly in exponential growth phase, possibly due to limitations in NADPH 
availability.  
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Figure III-6. Pyridine Nucleotides Present in Reduced Form (NADPH). The 
proportion of NADPH relative to the total NADPH plus NADP+ concentrations is 
indicated. The top panel shows averages for each strain over five experiments; the 
bottom panel shows relative proportion of NADPH for strains without Flv3, with the 
NADPH proportion normalized to a value of 1 for the parent strains containing Flv3. 
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 While at a lower light intensity (25 µmol photons m-2 s-1) for most strains the 
amount of laurate secreted varied, this may have been a function of differing growth rates 
(Figure III-2). At a higher light intensity (100 µmol photons m-2 s-1; Figure III-8) there 
were more consistent differences among strains with or without Flv3 in terms of the 
amount of laurate secreted, while growth patterns were indistinguishable (Figure III-3). 
The absence of Flv3 resulted in greater amounts of laurate secreted than in the presence 
of Flv3 at this higher light intensity, at approximately 120% the amount of laurate as is 
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Figure III-7. Laurate Secreted at 25 µmol photons m-2 s-1. Concentrations of laurate 
secreted in culture medium from cultures collected at three different densities; 
approximate OD’s were 0.05, 0.5 and 1.0. Cultures were grown photoautotrophically, 
and error bars represent standard error of the mean for three independent experiments. 
Laurate values were corrected in each run based on standards included with each batch. 
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present with Flv3. This is not a major effect, but it is enough to suggest that absence of 
Flv3 provides an improvement in laurate production in these strains. 
 
 
P700 redox characteristics with sodium dithionite 
Helman et al. (2003) showed that when Flv3 is deleted from WT the strain 
exhibited a delay of several seconds in P700 oxidation upon treatment of dark-adapted 
cells with a sustained actinic light. This was in contrast to WT, which showed almost 
immediate P700 oxidation upon light. A similar pattern appeared for all strains examined 
in this study, including in a laurate-secretion background and with varied PSI levels. 
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Figure III-8. Laurate Secreted at 100 µmol photons m-2 s-1. Concentrations of laurate 
secreted in culture medium from cultures collected at three different densities; 
approximate OD’s were 0.05, 0.5 and 1.0. Cultures were grown photoautotrophically, 
and error bars represent standard error of the mean for three independent experiments. 
Laurate values were corrected in each run based on standards included with each batch. 
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Figure III-9 shows P700 oxidation changes with actinic light for TE/Dslr1609 (top panel) 
and TE/Dslr1609 –Flv3 (bottom panel). All strains examined with or without Flv3 
present exhibited similar signals in this comparison, though for simplicity only one set of 
strains is shown. With lower PSI levels, as in strains TdC8 and TdC8-f, the amplitude of 
voltage change was smaller, but otherwise this pattern held for these strains as well (not 
shown here). Conditions examined included a two-minute incubation with darkness 
without additives (“dark”), a two-minute incubation with actinic light (about 2 mol 
photons m-2 s-1) and without additives (“light”) and a two-minute incubation in the 
presence of darkness and 2 mM sodium dithionite to reduce the acceptor-side 
components of PSI (“dark-dithionite”). Dark incubation was designed allow P700 
reaction centers to be fully reduced, while light was intended to allow oxidation of P700 
reaction centers. In Figure III-9 (top) TE/Dslr1609 showed almost immediate P700 
oxidation upon treatment with actinic light regardless of light or dark pretreatment, 
whereas when sodium dithionite was introduced there was a several-second delay prior to 
obtaining full oxidation, suggesting that acceptor-side limitation was introduced. With 
TE/Dslr1609 –Flv3 (Figure III-9, bottom) upon introduction of actinic light there was a 
several-second delay in cells pretreated with darkness, though this delay shortened (while 
remaining present) when cells are pretreated with light. In cells that received dark 
pretreatment with sodium dithionite the P700 oxidation delay upon actinic light treatment 
was more pronounced. This suggests that when Flv3 is deleted, there is a significant PSI 
acceptor-side limitation preventing electron flow into the CBB cycle completely for 
approximately 30 seconds when cells are incubated in darkness. 
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Figure III-9. P700 Redox Kinetics (Light and Sodium Dithionite). Actinic light was 
turned on at 10 seconds and off at 55 seconds, for a total of 45 seconds of light. Top 
panel: TE/Dslr1609 (Td); bottom panel: TE/Dslr1609 –Flv3 (Td-f). The “dark” 
treatment in each panel refers to a two-minute dark pretreatment without additive. The 
“light” treatment refers to a two-minute pretreatment with actinic light without 
additive, and the “dark-dithionite” treatment consists of a two-minute dark 
pretreatment, but in the presence of 2 mM sodium dithionite. 
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DISCUSSION 
Based on research presented in Chapter 2, having lower PSI content results in less 
cyclic electron flow and therefore should affect ATP synthesis. On the other hand, the 
same amount of linear electron flow should give rise to equivalent amounts of NADPH. 
Therefore, the NADPH:ATP ratio formed as a consequence of photosynthesis is expected 
to be increased. Furthermore, removal of Flv3 leads to an increase in NADPH (Figure III-
6). High NADPH:ATP can be useful for synthesis of materials such as laurate, which 
requires this ratio to be 2:1 after formation of acetyl-CoA (Volpe and Vagelos, 1976).  
 Previous research on Flv3 (Helman et al., 2003; Hackenberg et al., 2009) has 
indicated it is involved in being an electron sink for excess electrons passing through PSI. 
Therefore, removal of Flv3 might enable more electrons to become available to laurate 
synthesis. At a light intensity of 100 µmol photons m-2 s-1 (Figure III-8), this did appear 
to be the case with the Flv3-deleted laurate-secretion strains showing approximately 20% 
greater synthesis of laurate than did those that contain Flv3.  
 Fluorescence induction results (Figure III-5) indicated that after illumination the 
acceptor side of PSII is oxidized more slowly in the absence of Flv3. This implies that in 
the absence of Flv3 the PQ pool remains more reduced after illumination. This may be 
due to either increased cyclic electron flow or to reducing all electron acceptors at PSI, 
thus backing up reducing equivalents in the electron transport chain. P700+ reduction in 
the presence of DCMU was not clearly affected by deletion of Flv3 among laurate-
secretion strains (Table III-2), but with WT as the background strain, lack of Flv3 
resulted in a 5% slower P700+ reduction that may or may not be significant but pales in 
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comparison to the much slower P700+ reduction observed in strains with laurate 
secretion, which reflects that laurate synthesis is a strong electron sink.  
 It is possible that Flv3 is a component involved with cyclic electron flow around 
PSI or with respiration. As P700+ reduction appeared slightly slower in Flv3-deletion 
mutants from a WT background, this suggests greater cyclic electron flow around PSI or 
a greater contribution of electrons from respiration. This notion is in line with results 
from a mutant of the green alga Chlamydomonas reinhardtii that is deficient in cyclic 
electron flow (deletion of proton-gradient regulation-like 1 protein (PGR1)) and that 
shows both enhancement of flavoprotein expression and greater dependency on 
respiration (Dang et al., 2014). These mechanisms may compensate for ATP loss with the 
reduction in cyclic electron flow (Dang et al., 2014).  
Greater oxygen uptake was observed in this C. reinhardtii mutant lacking PGR1, 
as measured by isotope analysis using membrane inlet mass spectrometry (MIMS) (Dang 
et al., 2014). MIMS has also revealed an increase in oxygen uptake in Synechocystis in 
the presence of Flv3 coming directly from water oxidation at PSII (Helman et al., 2003; 
Allahverdiyeva et al., 2013). In line with analyses of P700 oxidation in actinic light 
(Figure III-10; Helman et al., 2003) CO2 uptake appears impaired in Flv3-deletion 
mutants during high-light pulse treatments (Allahverdiyeva et al., 2013). The reason for 
this is unclear if Flv3 simply consumes only excess electrons from PSI. 
 Although Flv3 is thought to catalyze electron transfer to molecular oxygen 
(Helman et al., 2003), it is notable that throughout the available research on deletion of 
Flv3 the rate of photosynthetic oxygen evolution is lower than in the presence of Flv3 
(Table III-2; also, Helman et al., 2003; Zhang et al., 2009; Allahverdiyeva et al., 2011; 
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Allahverdiyeva et al., 2013). One potential explanation for this discrepancy is that even if 
oxygen is not being reduced by Flv3, photosynthetic electron transport will function only 
up until the point that all electron acceptors are reduced; therefore, at some point oxygen 
evolution should equalize whether or not Flv3 is present. The decreased oxygen evolution 
rate observed upon deletion of Flv3 does not appear to be dependent on light intensity 
either, for when photosynthetic activity was measured in both high light-intensity and 
low light-intensity conditions (500 and 20 µmol photons m-2 s-1, respectively), a DFlv1/3 
strain showed significantly lower photosynthetic activity than WT did in both conditions 
(Allahverdiyeva et al., 2013). For oxygen evolution to be consistently lower with Flv3 
present, and to remain so at a constant rate for minutes at a time (far longer than the 
persistence of the reduced state of P700 upon introduction to actinic light (Figure III-9)), 
suggests an incomplete understanding of the phenomena around the functions of Flv3.  
 
Conclusion 
 First analyses of Flv3 in Synechocystis suggested it is involved in photoreduction 
of oxygen in conditions of light stress to remove excess electrons from the acceptor side 
of PSI (Helman et al., 2003). However, in research presented in this study and elsewhere 
(Helman et al., 2003; Zhang et al., 2009; Allahverdiyeva et al., 2011; Allahverdiyeva et 
al., 2013), photosynthetic oxygen evolution has consistently been lower without Flv3. 
Also, a brief reduction of P700 accompanies Flv3 deletion (Figure III-9 and Helman et 
al., 2003), and for reasons not well understood, CO2 uptake appears impeded when Flv3 
is removed (Allahverdiyeva et al., 2013). Finally, in this study, NADPH levels were 
enhanced in strains that lacked Flv3, and laurate synthesis generally appeared increased 
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without Flv3. This study illustrates the ability to optimize cofactors required for 
enhancement of metabolic pathways involved in production of desired products. 
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CHAPTER 4 
ALKANE BIOSYNTHESIS 
 
INTRODUCTION 
       Biogenic alkanes are a potential biofuel source that could possibly bypass the 
need for some industrial conversion processes. Cyanobacteria naturally produce alkanes 
in small quantities; however, part of understanding how to optimize production of these 
compounds involves elucidating their place in cellular processes. Synechocystis 
produces heptadecane (Schirmer et al., 2010), and membrane lipids with fatty acid 
chain lengths of primarily 16 and 18 carbons (Kaczmarzyk and Fulda, 2010). The 
similarity in carbon chain lengths between lipid fatty acids and alkanes produced by 
cyanobacteria (heptadecane and pentadecane (Schirmer et al., 2010)) suggests a 
relationship between the two in terms of either biosynthesis or degradation. In a labeling 
experiment using mass spectrometry analysis with a stable carbon isotope in our 
laboratory, it was observed that the unlabeled membrane lipids decreased with time, 
suggesting a degradation process. Without an identified b-oxidation process in 
Synechocystis, little is known about lipid degradation in these cells, and perhaps alkanes 
represent a step in membrane lipid degradation.  
Using a subtractive genomic analysis of multiple cyanobacterial strains that 
produce alkanes against one that does not, Schirmer et al. (2010) described genes and 
related proteins involved in the production of heptadecane, pentadecane and related 
alkenes and alcohols. Schirmer et al. (2010) characterized alkane-production genes that 
lie in a fairly conserved operon among cyanobacterial strains, and suggested annotations 
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based on presumed biochemistry for the proteins they described: a fatty aldehyde 
decarbonylase (AD) and an acyl-ACP reductase (AAR) (in Synechocystis, gene 
annotations sll0208 and sll0209, respectively). They concluded the following reactions 
work in the production of cyanobacterial alkanes (Figure IV-1, top): a fatty acyl-ACP is 
converted by AAR into a fatty aldehyde, which is then converted by AD into an alkane 
of n-1 carbons, with CO released (Schirmer et al., 2010).  
Alkane biosynthesis is an interesting biological feature occasionally found in 
organisms, such as in plants for development of waxy coatings (Klahn et al., 2014), and 
it is a feature also found among cyanobacterial taxa, although not in all cyanobacteria. 
A simple neighbor-joining phylogenetic analysis organized based on 16S rDNA shows 
that presence of alkane biosynthesis genes is widespread throughout many 
cyanobacterial taxa (Klahn et al., 2014). However, in the resulting phylogenetic tree, the 
strains surrounding Synechocystis show the highest frequency of strains that lacking 
genes necessary for alkane biosynthesis (Klahn et al., 2014). Nevertheless, 
Synechocystis maintains an operon necessary for alkane production.  
Joule Unlimited Technologies, Inc., has been granted a patent (US8183027 B2) 
for enhanced production of alkanes from cyanobacteria (Reppas and Ridley, 2012).  
Their model for alkane production slightly departs from the model of Schirmer et al. 
(2010), reclassifying the aldehyde decarbonylase as an “alkanal decarboxylative 
monooxygenase”, or ADM, taking into account protein structure and likely reaction 
redox characteristics (Reppas and Ridley, 2012). In this model (Figure IV-1, bottom), 
the reaction of n-alkanal to (n-1) alkane proceeds via ADM and the oxidation of 
ferredoxin, releasing CO2, rather than CO (Reppas and Ridley, 2012). However, Warui 
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et al. (2011) had instead detected formate as the byproduct of the AD(M) reaction, but 
this could potentially be converted to CO2 by a dehydrogenase. 
 
 
 
 
 
 
 
 
       Interestingly, cyanobacterial alkane biosynthesis genes expressed in E. coli 
DH10B cells lead to a different pattern than what is found in cyanobacteria: 1-
Figure IV-1. Cyanobacterial Alkane Biosynthesis Pathways. (Top) Cyanobacterial 
alkane biosynthesis pathway from Schirmer et al. (2010). (Bottom) Model of 
cyanobacterial alkane production from Reppas and Ridley (2012). 
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hexadecanol becomes the primary product in E. coli, with pentadecane and heptadecane 
as other products. Reppas and Ridley (2012) stated that fatty alcohols are produced 
when AAR generates fatty aldehydes from fatty acyl-ACP, but without sufficient 
activity by ADM to convert them into (n-1) alkane, concluding that host 
dehydrogenases convert these aldehydes to a fatty alcohol of the same chain length 
instead. Synechococcus sp. PCC 7942 naturally produces both pentadecane and 
heptadecane (Schirmer et al., 2010). It seems likely that the type of alkane produced in 
any given strain is a combination of specificity inherent to the alkane biosynthesis genes 
being used as well as the substrate provided by the cells, though the nature of substrate 
remains unclear.  
Our laboratory has developed fatty acid-secreting strains with the following 
characteristics: the “TE” strain, which contains a thioesterase (minus target sequence) 
from Umbellularia californica, secreting primarily lauric acid; the “TesA” strain, 
containing a thioesterase (also minus target sequence) from Escherichia coli, and 
secreting primarily palmitic acid; and combinations of each with a deletion or 
overexpression of slr1609. The slr1609 gene has been described as coding for an acyl-
acyl carrier protein (acyl-ACP) synthetase (Kaczmarzyk and Fulda, 2010). With 
thioesterase strains, deletion of slr1609 enhances secretion of free fatty acids, while 
overexpression of slr1609 nearly halts appearance of free fatty acids in culture. All of 
our fatty acid-secreting strains were developed in a background strain with partial 
overexpression of acetyl-CoA carboxylase genes (BW07 strain). If cyanobacterial 
alkanes share a substrate with fatty acids (Schirmer et al., 2010; Tan et al., 2011), then 
thioesterase mutant strains may diverge from WT in types and amounts of alkanes 
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produced. 
While aforementioned models likely form the backbone of cyanobacterial 
alkane production, much remains unclear about the context of alkane biosynthesis 
within metabolism and controls on alkane biosynthesis. In order to ascertain the 
metabolic flux of carbon into alkane and understand how alkane synthesis relates to 
physiology, reported here are results of 13C-labeling experiments to compare carbon 
flux into free fatty acids, alkanes, and membrane lipids.  
 
METHODS 
       For 13C-labeling experiments, photoautotrophically-grown cells were acclimated 
to photoheterotrophic metabolism with 0.35 mM 12C-labeled glucose for a day, after 
which growth medium was replaced with fresh BG11 (Rippka et al., 1979) and 5 mM 
13C-labeled glucose, as cells grew in a bubbling flask with air that was pumped through 
2 M NaOH for 24 hours of measurement to remove carbon dioxide. Time 0 samples 
were removed just prior to the addition of 13C-labeled glucose. At each time point 30 
mL of culture was removed for heptadecane analysis, and 15 mL of culture for free fatty 
acid and lipid analysis, to compare the rates of incorporation of carbon among these 
compounds.  
For free fatty acid analysis, the 15 mL culture sample was treated with a 10 mM 
final concentration of EDTA (to solubilize fatty acids with divalent cations), prior to 
centrifugation. The supernatant was directly examined for secreted fatty acids. The cell 
pellet was then resuspended in 2:1 chloroform:methanol at a volume of 2-4 mL 
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depending on the size of the cell pellet for lipid analysis. Subsequently 0.2 volumes of 
0.9% (w/v) NaCl solution were added to one volume of chloroform:methanol mixture 
containing lipids (to force two phases with methanol separated from chloroform where 
lipid becomes concentrated (Folch et al., 1957)), prior to drying and second 
resuspension for lipid analysis. For analysis of fatty acid samples, a solvent gradient 
consisting of a 20 µL aliquot of supernatant was mixed with a 20 µL aliquot of standard 
solution consisting of 10 µM heptadecanoic acid (as an internal standard) dissolved in 
methanol with 10 mM NH4OH. For analysis of samples, 5 µL of each mixture was 
injected into a Dionex Ultimate 3000 HPLC System fitted with a Zorbax Extend C18 
column (Agilent). Each HPLC run involved a flow rate of 200 µL/minute in a gradient 
of 50% water to 50% methanol, with methanol linearly increasing to 100% of the 
solvent concentration at 26 minutes and continuing for the remaining 20 minutes of the 
run. Laurate was quantified by size relative to a heptadecanoic acid size-standard by 
ESI-MS in negative ion mode in a Bruker MicrOTOF-Q mass spectrometer with 
settings of +3900 V for capillary voltage and 10 eV for collision energy. The protocol 
was nearly identical for analysis of lipids, though heptadecanoic acid was not included. 
Heptadecane extraction consisted of centrifuging the culture sample for 10 
minutes at 2000 rpm in a benchtop centrifuge followed by bead-beating for six 30-
second intervals in a 2-mL screw-cap vial half-filled with silica beads plus 1 mL of 
hexane. Afterward, the hexane layer was mixed with aluminum oxide and water (as a 
solid-phase extraction to remove impurities) for a second centrifugation before being 
placed in a GC/MS sample vial with hexane added to fill up to 2 mL. For GC/MS 
analysis of each sample, 1 µL of this extract was injected into the gas chromatograph 
 100 
with the injection port heated to 250oC. The GC column was heated from 50oC to 290oC 
over the course of approximately 21 minutes, with heptadecane appearing at around 
14.78 minutes, and with the mass spectrometer reading total ions present.  
 
RESULTS 
       Preliminary tests using gas chromatography/mass spectrometry (GC/MS) 
suggested Synechocystis does not secrete noticeable amounts of alkanes into 
surrounding medium. The only alkane product we observed from Synechocystis cell 
extracts in reportable quantities has been heptadecane with a heptadecene trace. Figure 
IV-2 shows an example of a GC chromatogram in the top panel, and the associated 
mass fractionation pattern for the GC peak that appears with a retention time of about 
14.78 minutes, representative of heptadecane. The mass fractionation pattern for 
heptadecane consists of peaks at molecular weights of 57, 71 and 85 atomic mass units 
(Figure IV-2). Fragments that feature predominantly 61, 76 and 91 mass units (not 
shown) correspond to fully 13C-labeled heptadecane. By comparing the relative 
abundances of 12C- and fully 13C-labeled fragments from samples taken over time, we 
can estimate the time it takes for cells to incorporate carbon into heptadecane. 
 
Measurement of alkane production 
       Among alkanes, all the Synechocystis samples screened produced only 
heptadecane in a detectable range, but with extraction and analysis methods presented 
here it appeared that compared to WT the thioesterase strains produced the same type of 
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alkane as WT, in approximately the same quantities, and that deletion or overexpression 
of slr1609 did not impact the presence of heptadecane.  
 
 
 
13C-labeling analysis of carbon incorporation 
       Figure IV-3 shows a comparison of labeling patterns in laurate, heptadecane and 
a 16,18:3 monogalactosyl diacylglyceride (MGDG) membrane lipid component. The 
lipid 16,18:3 MGDG was chosen for this analysis because it has been demonstrated in 
our laboratory’s analyses to be a fairly average membrane lipid component whose 
labeling is easy to evaluate. Lauric acid is the main free fatty acid secreted by our lab’s 
TE/Dslr1609 mutant (described in Chapter 3). Labeling rates of laurate, heptadecane, 
and lipids diverged, and heptadecane labeled more rapidly than 16,18:3 MGDG did 
(Figure IV-3). It is possible that a more saturated lipid is used as a source for 
heptadecane than this one; however, desaturation events may be too fluid and variable  
Figure IV-2. Gas Chromatogram and Mass Fractionation for Heptadecane. GC 
chromatogram (top panel), and MS fractionation (bottom panel) for heptadecane, with a 
retention time at 14.78 minutes. For 12C-labeled heptadecane, the detectable fractions 
would be 57, 71 and 85 mass units, as shown in the fragmentation pattern (bottom panel) 
for the peak present (top panel).  
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to readily study. The synthesis of new heptadecane appears to happen too rapidly to 
simply derive from membrane lipid degradation. Contrarily, if the models for 
cyanobacterial alkane biosynthesis are correct, then these results may be surprising 
because if fatty acids and alkanes share the same direct substrate, we may expect similar 
labeling times unless feedback inhibition regulates synthesis of heptadecane. A 
presentation of results of feeding with 13C-glucose (Figure IV-4) shows an analysis of 
number of carbon atoms (13C-labeled glucose as source) diverted to laurate or 
heptadecane over 24 hours in two light treatments. Labeling rates of laurate and 
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Figure IV-3. Carbon Flux into Lipids, Heptadecane, and Lauric Acid. The 
proportions of 12C remaining in compounds over “0”, “6”, and “24” hours incubation 
times are shown after 13C-labeling treatment (n=3 replicates). Cultures were grown 
at 50 µmol photons m-2 s-1 (L) or at ~180 µmol photons m-2 s-1 (H) and fed 5 mM 
13C-labeled glucose at time 0. The abbreviation “Td” refers to the TE/Dslr1609 
strain. Starting OD730 of each was ~0.55. “C16 unlabeled” represents the labeling 
pattern of the free C16 chain from the 16,18:3 MGDG molecule, “C18 unlabeled” 
represents labeling of the free C18 chain, and “Whole unlabeled” represents labeling 
for the intact 16,18:3 MGDG molecule. Average lipid components represent an 
average of the previous three values. Alkane refers to heptadecane.  
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heptadecane differ greatly, with significantly more new carbon directed toward lauric 
acid than to heptadecane during this period of time. Compared to laurate, a very small 
amount of heptadecane is made within 24 hours, at a rate of about 4-6% of the rate of 
synthesis of laurate. Final concentrations for each over the course of 24 hours are on the 
order of 53-66 µM laurate and 1.6-2.9 µM for heptadecane (with low and high ends of 
each range representing production in the lower and higher light conditions, 
respectively). Time 0 for each experiment began with cells at approximately 0.55 
OD730, and after 24 hours in growth conditions OD730 tended to be approximately 1.2-
1.5. 
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Figure IV-4. New Carbon Atoms Incorporated into Heptadecane and Lauric 
Acid. This is a comparison of the numbers of new carbon atoms present in 
heptadecane versus lauric acid at 0-, 6- and 24-hour time points in low-intensity 
(~50 µmol photons m-2 s-1) versus high-intensity (~180 µmol photons m-2 s-1) 
light, from five experiments. “Td” refers to the TE/Dslr1609 strain. Error bars 
represent SEM for 4-5 experiments.  
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       One consistent observation throughout measurements has been that while 
growth determined by OD730 at low and high light intensities has been more or less 
equal over five labeling experiments, at 24 hours the high-light treatment has 
consistently shown substantially more heptadecane than the low-light treatment does 
(Figure IV-5). This suggests a light-associated component to heptadecane synthesis that 
is independent of culture density. In low-intensity light (Figure IV-5) growth was 
approximately equal to that at high light intensity; however, heptadecane production 
was consistently higher in high light intensity.   
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Figure IV-5. Heptadecane Production and Light. Shown are growth (OD730) and 
heptadecane production from different light conditions over time. The heptadecane 
peak area, measured by GC, is the average for each condition, with one outlier each 
removed from TdL0 and TdL24 due to two unusually low signals. Results are 
otherwise averaged from five experiments. TdL0 and TdH0 come from the same 
cultures. For each sample name, “Td” refers to the TE/Dslr1609 strain, and “L” 
refers to low light intensity (~50 µmol photons m-2 s-1), “H” to high light intensity 
(~180 µmol photons m-2 s-1, and time points in hours after treatment was initiated. 
Numbers “0”, “6”, and “24” refer to incubation times. 
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DISCUSSION 
       It remains somewhat unclear what the purpose of heptadecane production is in 
cyanobacteria as well as its broader context. Recent research has suggested that 
cyanobacterial alkanes are consumed by surrounding organisms in the upper ocean, and 
form a component of the global hydrocarbon cycle at the amount of 308-771 million 
tons globally annually (Lea-Smith et al., 2015), though this report did not address why 
cyanobacteria produce alkanes. Another recent report has suggested that cyanobacterial 
alkanes assist with adaptation to growth in cold conditions through mediation of CEF 
around photosystem I (Berla et al., 2015). In this study, a mutant that does not produce 
alkanes demonstrated higher CEF and slower growth, raising the possibility that alkanes 
in the thylakoid membrane assist with redox poise, possibly by enabling cells to 
maintain optimal membrane fluidity/rigidity while growing at a lower temperature.  
Because of their potential as a biofuel source, alkanes are of interest to 
researchers hoping to develop biological sources of these, from both our research group 
and others. Wang et al. (2013) have attempted to overexpress various cyanobacterial 
alkane biosynthesis genes in Synechocystis and found that while synthesis of 
heptadecane can increase up to two-fold, it still is found at a fairly low level (Wang et 
al., 2013). Additionally, insertion of heterologous genes (orf1593-1594) from 
Synechococcus elongatus PCC 7942 into Synechocystis does not lead to production of 
pentadecane, which is found in the strain from which the genes are derived (Wang et al., 
2013). These results suggest that cyanobacterial alkane production is limited more by 
other cellular or metabolic factors than simply expression of the key synthesis genes. 
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Understanding how to enhance production of cyanobacterial alkanes likely will require 
elucidating further what the full biological roles of alkanes in these organisms are.  
It has additionally been discovered that in the cyanobacterium Nostoc 
punctiforme cellular structures variously called lipid droplets, lipid bodies or 
plastoglobules are enriched with not only fatty acids, neutral lipids and a-tocopherol, 
but also with heptadecane (Peramuna and Summers, 2014). Furthermore, as has been 
observed throughout the current study, heptadecane was most abundant per cell in late 
stationary phase and less abundant in exponential growth. Similarly, lipid droplets also 
showed the same abundance pattern. The authors suggest that these lipid droplets and 
their components serve as reservoirs for cells to renew growth upon transfer to a less 
dense culture condition (Peramuna and Summers, 2014).  
While much remains unknown about alkane biosynthesis in cyanobacteria, 
results shown here suggest that alkane biosynthesis is likely a de novo process rather 
than a result of a lipid breakdown process. This means that biosynthesis could 
potentially be enhanced through metabolic engineering, though simple overexpression 
strategies that have been attempted thus far are insufficient to markedly increase 
production. However, one notable bottleneck to contend with is a very slow rate of 
enzyme turnover – with aldehyde decarbonylase producing on the order of three 
enzyme equivalents of alkane over 20 hours in vitro at 22 oC and with 0.2% Triton X-
100 (Warui et al., 2011) or 3.4 + 0.5 equivalents per minute in vitro when treated with 
15 µM bovine serum albumin at 37oC in a burst phase (Eser et al., 2011), which is much 
faster but still slow for enzyme activity. While enzyme engineering is beyond the scope 
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of this work, this could represent a useful strategy to enhance activity of alkane 
biosynthesis enzymes and alkane production.  
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CHAPTER 5 
FIBRILLIN OVEREXPRESSION 
INTRODUCTION 
Among the determining factors in the presence of thylakoid membranes in 
cyanobacteria is the question of where components come from and how membranes are 
synthesized. In plants, there has been much evidence for structures called plastoglobules 
playing an important role in storage of materials important for membrane structure. 
Plastoglobules in plants are structures associated with thylakoid membranes found in 
chloroplasts and other plastids that carry a variety of compounds that may be used by 
cells to adapt to a wide variety of stressful conditions (Brehelin et al., 2007; Singh and 
McNellis, 2011; Austin et al., 2006). These compounds include carotenoids, tocopherol, 
triacylglycerides and potentially more than 30 different proteins and/or enzymes, which 
may be involved in membrane support (Brehelin et al., 2007; Austin et al., 2006; Brehelin 
and Kessler, 2008; Ytterberg et al., 2006). The lipophilic character of these compounds 
suggests the need for a boundary between plastoglobules and the surrounding cytosol, 
which is provided by proteins called fibrillins. Many types of fibrillins exist in plants, 
with at least 12 classes of fibrillins existing among taxa (Singh and McNellis, 2011).  In 
addition to simply forming the boundary between plastoglobules and cytosol, fibrillins 
can also influence the particular content of a plastoglobule, in part determining the 
carotenoid content (Simkin et al., 2007). The term fibrillin is also used in animal anatomy 
to describe proteins present in connective tissue (Ramirez and Pereira, 1999), though 
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these fibrillins have entirely different structures and functions than found for fibrillins in 
plant cells and potentially cyanobacteria, which will be the focus here.  
Synechocystis cells contain various small vesicles, some of which lie close to 
thylakoid membranes, and which may be plastoglobules (van de Meene et al., 2006). It is 
unclear whether in cyanobacteria these structures are truly akin to those found in plants. 
However, a BLAST protein similarity search (http://www.ncbi.nlm.nih.gov/BLAST/) indicates 
that most cyanobacteria possess one to two genes in their genomes that have been 
annotated as coding for fibrillin proteins, based on amino acid sequence similarity to 
plant fibrillins. 
Synechocystis has two proteins annotated as fibrillins, with genes identified as 
slr1024 and sll1568. At least eight fibrillin proteins have been identified in plants 
(Brehelin et al., 2007), largely Arabidopsis, and some have also been identified among 
Solanaceous plants (Ytterberg et al., 2006). Amino acid sequence similarity among an 
NCBI BLAST sample of 16 cyanobacterial fibrillins to portions of one or both putative 
Synechocystis fibrillins ranges from 29 to 63% shared sequence identity and from 47 to 
81% amino acid sequence similarity (http://www.ncbi.nlm.nih.gov/BLAST/). The genes sll1568 
and slr1024 share 34% sequence identity and 52% amino acid sequence similarity to each 
other over much of their sequence.  
A BLAST protein search of Slr1024 (http://www.ncbi.nlm.nih.gov/BLAST/) compared 
to proteins expressed by green plants shows greatest similarity to fibrillin and/or plastid 
lipid-associated proteins in plants of multiple taxonomic categories, with similarities 
across the entire span of the protein sequence but identities hovering around 31-36%, 
with an e-value of 7e-17 and coverage of 68% for a probable plastid lipid-associated 
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protein in the plant Erythranthe guttata. A BLAST protein search of Sll1568 
(http://www.ncbi.nlm.nih.gov/BLAST/) in comparison to proteins expressed by green plants 
shows generally higher scores and lower e-values to mostly probable lipid-associated 
proteins across a range of plant taxa than seen with Slr1024, with e-value of 2e-23 for a 
predicted light-induced chloroplastic protein in Daucus carota and 94% query coverage.  
Cunningham et al. (2010) deleted both putative fibrillin genes from Synechocystis, 
separately and together, and characterized resultant phenotypes. Deletion of either gene, 
and particularly in combination, resulted in cells with reduced growth rates in moderately 
high light intensity (150 µmol photons m-2 s-1), while at low light intensity (10 µmol 
photons m-2 s-1) little change was noted. At high light intensity, all fibrillin deletion 
mutants showed lower ratios of chlorophyll:carotenoids as well as photosystem 
I:photosystem II (PSI:PSII). Fibrillin deletion mutants showed some structural changes 
through transmission electron microscopy (TEM), although this effect seemed more 
pronounced with the deletion of slr1024 (Cunningham et al., 2010). 
While deletion of genes suggests these proteins have some limited functions in 
Synechocystis at least regarding tolerance to light stress, in this study the aim was to 
characterize effects of overexpression of the Synechocystis fibrillin proteins. This goal is 
based on the possibility that cells in which more membranes are desired could benefit 
from more of these putative storage structures, so enhancement of this storage capacity 
could likewise improve capacity enhancement of related metabolic engineering products. 
Overexpression of pepper fibrillin in tobacco resulted in an increase in the overall 
number of plastoglobules found, and was associated with enhanced developmental 
characteristics under high light compared to WT (Rey et al., 2000). While fibrillins are 
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usually associated with chloroplasts, they are also found in chromoplasts. When a pepper 
fibrillin gene was overexpressed in tomato fruit, there was a doubling of carotenoid 
content (Simkin et al., 2007). During ripening this transgenic strain showed an unusual 
coexistence of chloroplasts and chromoplasts, suggesting that fibrillins may help preserve 
thylakoids (Simkin et al., 2007). Given the possibility for fibrillins to play a role in 
support of thylakoids, the goal of this project was to overexpress the putative fibrillin 
genes in Synechocystis in support of a larger project to enhance membrane lipids. 
 
METHODS 
Construct design and evaluation 
The fibrillin-overexpression construct (Figure V-1) consisted of a promoter and 
Shine-Dalgarno sequence of sll1951 (349 bp total), a highly constitutively-expressed 
 
 
 
 
gene (Hihara et al., 2001) that encodes an S-layer protein (Trautner and Vermaas, 2013); 
the two genes of interest: slr1024 (653 bp), sll1568 (609 bp plus 27 bp upstream), a T1T2 
transcription terminator (448 bp) and sacB and kanamycin-resistance selection markers 
Figure V-1. Fibrillin Overexpression Construct. “sll1951up” is the promoter sequence 
upstream from the sll1951 gene, while “upstream” and “downstream” refer to the 
flanking integration sequence. “slr1024” and “sll1568” refer to fibrillin genes. “SacB” 
and KmR” refer to selection markers. Not drawn to scale. 
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(3226 bp total) from ppsbA2-KS (Lagarde et al., 2000). Primers used to generate the final 
fibrillin-overexpression plasmid pFibsT are shown in Table V-1. 
 
Table V-1. Primers Used for Fibrillin Overexpression. 
Primer name Sequence 
5orf29F2554372 5'-TGG TAC AGA ATT CAA GCG ACA-3' 
3orf29R2552481 5'-GAC TCG CAT GCT TTC TCC G-3' 
5-sll1951pro-1 5'-GGG TAC CTA ACA CCG GTG AAT TCT TG-3' 
3-sll1951pro-1 5'-AGG ACT TGG ATC CAT CGT ACG TCT TAA AAC T-3' 
5-slr1024-1 5'-AGC TTT ACA CCA TGG TTA ACG TAC GAT GTC CCT AG-3' 
3-slr1024-1 5'-CAA TCA TAG TGA GCT CTA TGG GGT AA-3' 
5-sll1568-1 5'-GGA TAA TTG GTG GAG CTC CCC AAT AAA A-3' 
3-sll1568-1 5'-ATA GGG ATC CTA AAA CTA GTT CTA AAC CTT G-3' 
T1T2_F 5'-TTT GGC GGA CTA GTG AAG ATT TT-3' 
T1T2_R 5'-ATT GTC TCA CTA GTG GAT ACA TAT-3' 
5-sk1 5'-TAT GCA TAC TAG TCC TAT TAA TAT TCC G-3' 
3-sk1 5'-GAA TTA GGA TCC GTC GAC CT-3' 
Int-PstAge-1 5'-CAA CCT GCA GTT ATT TGA CCG GTG GCG ATC G-3' 
Int-PstBam-1 5'-AAA ACT GCA GTT GGA TCC ATG TTA CCA ATG C-3' 
Q1024-F1 5'-CAC CAA TCG TAC TTT ATC TGC CAC-3' 
Q1024-R1 5'-GGG GTG AGT ATA ACA GTG GGG AT-3' 
Q1568-F1 5'-GCT TTC TGC CAG CGG ATT T-3' 
Q1568-R1 5'-TAC CAC GGC TGA TGC GTA AA-3' 
F-RT-atpA 5'-TCC CCG GCC CCT GGA ATT ATT GAA-3' 
R-RT-atpA 5'-GCT GAC CCC GAC CAA TGG GA-3' 
 
The plasmid construct was formed using a pUC120 vector.  The construct is 
flanked with sequence on each side centered on an intergenic genomic region between 
sll0405 and sll0404 (Synechocystis genomic position 2554372-2552481 on Cyanobase 
(http://genome.microbedb.jp/CyanoBase)), with slightly more than 900 bp for integration 
sequence on each side of the construct. This region was chosen based on presence of a 
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gap between genes as well as an average or above-average level of transcription present 
for genes in that neighborhood of the genome (Hihara et al., 2001). 
Plasmid pFibsT was generated by a series of steps with intermediate plasmids. 
Figure V-2 shows the scheme for construction of the plasmid.  
 
 
 
First the gene sll1568 was amplified using primers 5-sll1568-1 and 3-sll1568-1 and 
placed into pUC120 to form psll1568, evaluated using blue-white screening with X-gal 
Figure V-2. Steps in Construction of the pFibsT Plasmid. pFibsT is the final 
fibrillin-overexpression construct, here shown with intermediate plasmids leading 
to its development (plasmids not drawn to scale).  
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and isopropyl b-D-thiogalactopyranoside. The sacB-KanR cassette of ppsba2-KS was 
combined with that plasmid to generate p1568-KS. The gene slr1024 was amplified with 
primers 5-slr1024-1 and 3-slr1024-1 and placed into pUC120 to form pslr1024 and 
subjected to blue-white screening. The integration sequence was amplified as a unit using 
primers 5orf29F2554372 and 3orf29R2552481, and this sequence was placed into 
pUC120 where primers Int-PstAge-1 and Int-PstBam-1 were used to add restriction 
enzyme recognition sites necessary for later steps. The resulting plasmid, pflank, was 
recircularized using T4 ligase. Then slr1024 was combined with p1568-KS to form pfibs-
KS, followed by pflank being combined with pfibs-KS to form pFKS, and then the 
promoter region from sll1951 was inserted into that. Finally, the T1T2 terminator 
sequence was inserted to form the final construct pFibsT.  
The final pFibsT construct was amplified using electroporated Escherichia coli 
strain DH10B as a host, and transformed into Synechocystis sp. PCC 6803 according to 
the methods described in Vermaas et al. (1987). Transformed cells were grown on 0.4 
micron pore-size Nuclepore Track-Etch polycarbonate membranes (Whatman Inc.) on 
BG11 agar plates (Rippka et al., 1979) containing 5 mM glucose initially, and the 
membranes were moved after the first day to BG11 agar plates that contained 5 µg/ml 
kanamycin. Several surviving colonies were transferred to successively increasing 
amounts of kanamycin for selection. Segregation, the point at which all copies of 
Synechocystis genomes in each cell contain the mutated sequence, appeared complete at 
100 µg/ml of kanamycin. 
Overexpression at the transcript level was characterized by using reverse 
transcription and quantitative polymerase chain reaction (qPCR). WT and fibrillin-
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overexpression mutant strains were frozen in liquid nitrogen at log phase at OD730 of 
~0.5, and RNA was isolated using Trizol (Life Technologies), phenol, and chloroform. 
Samples were then diluted and treated with DNase (Ambion) and reverse transcriptase 
(iScript Select, BioRad) along with random primers (iScript Select, BioRad) prior to 
qPCR with SYBR Green with ROX (BioRad) as a fluorophore. The primers used for 
quantitative PCR of genes slr1024 and sll1568 are shown in Table V-1 (as Q1024-F1, 
Q1024-R1, Q1568-F1 and Q1568-R1), as well as the primer sequence for the 
housekeeping gene used for comparison, the gene for AtpA (primers F-RT-atpA and R-
RT-atpA). All qPCR amplification and dissociation curves were analyzed to ensure 
optimal amplification and primer specificity. Technique for qPCR analysis is described in 
the Methods section of Chapter 2. 
 
Evaluation of phenotypic characteristics 
The fibrillin-overexpression mutant was compared with WT in various growth 
conditions, and examined for phenotypic differences. Primary metrics for evaluating 
phenotype included growth rates in growth conditions that varied by light intensity and 
carbon source; photometrically determined carotenoid:chlorophyll ratios; and 
photosystem I:II ratios derived from cells’ fluorescence emission characteristics at 77K 
when excited at 440 nm of light; and observations of structural features examined 
through transmission electron microscopy (TEM).  
 Since studies on fibrillins in Synechocystis and plants (Cunningham et al., 2010; 
Simkin et al., 2007) suggest a strong effect on subcellular structure, a major component 
to this study is to analyze subcellular structural differences between WT and fibrillin-
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overexpression mutants through TEM. Strains were imaged that originated from the 
following growth conditions: 30oC at 25 µmol photons m-2 s-1, 30oC at 200 µmol photons 
m-2 s-1, 13oC at 70 µmol photons m-2 s-1, and high (around OD730 of 4) and low (fresh 
culture at OD730 of 0.3) culture densities at 30oC at 200 µmol photons m-2 s-1. For 
preparation for TEM, cells were settled onto agar plates, and scraped into a moist paste. 
Further preparation steps were similar to the those of van de Meene et al. (2006) with 
slight differences. The cell paste underwent cryofixation at 210,000 kPa at a temperature 
of -196oC using a Bal-Tec HPM 010 High Pressure Freezer (Bal-Tec Corporation, 
Middlebury, CT) and then freeze substitution at -80oC with 10 mL of anhydrous acetone 
with 1% osmium tetroxide and 0.05% uranyl acetate for 48 hours. The sample was then 
moved to -15oC for two hours, then 4oC for two hours, and finally to room temperature 
for 45 min. Then it was rinsed in pure acetone three times and embedded in Spurr’s 
epoxy resin (Spurr, 1969), gradually exchanging of acetone for resin in incubations of 8-
12 hours at each of the following percentages of resin in acetone: 25%, 50%, 75% and 
then three infiltrations at 100% resin. This was followed by polymerization at 60oC 
overnight. Afterward 70-nm-thick sections were cut using an ultramicrotome (Leica 
Ultracut R Microtome (Leica, Vienna, Austria)) and placed on Formvar-coated copper 
grids prior to post-staining with 1% uranyl acetate and Sato’s lead citrate (Sato, 1968) for 
analysis using a Philips CM12 transmission electron microscope (Philips Electronic 
Instruments, Co., Mahwah, NJ). 
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RESULTS 
Six qPCR analyses showed higher transcript levels for slr1024 in the fibrillin-
overexpression mutant an average of 22.1 (SEM 6.7) times the signal for WT. The 
transcript signal for sll1568 showed an average transcription level at 1.0 (SEM 0.3) 
compared to WT. This may be due to issues with using the sll1951 promoter region, or to 
the fact that a 27-base pair sequence upstream of sll1568 is included in this construct, and 
it is unknown what functions may be associated with this sequence, including whether 
any portion of it may include a transcription terminator or otherwise inhibit expression. 
Even with a higher transcript level for slr1024 in the fibrillin-overexpression 
mutant, there has been little evidence to suggest physiological differences compared to 
WT so far. Carotenoid profiles of both strains were examined using HPLC with no 
sufficient difference found between them regarding abundance of particular carotenoids. 
Replicates were not performed for this and many other analyses because initial analyses 
showed lack of variation between WT and mutant strains, and thus it was concluded that 
it was not prudent to continue study into this topic. However, some results are shown 
below. 
In photoautotrophic conditions at a light intensity of 50 µmol photons m-2 s-1, 
growth rates were indistinguishable between WT and the fibrillin-overexpression mutant. 
At high light intensity (up to 250 µmol photons m-2 s-1) there were differences between 
WT and the fibrillin-overexpression mutant in terms of the mutant showing a shorter lag 
phase. This occurred in four experiments in a row, but when this WT strain compared this 
with another WT from our laboratory (“WTCT”, Figure V-3), the opposite pattern 
occurred, with WTCT outperforming the fibrillin-overexpression mutant. In the first 24 
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hours of growth for each of these strains in this higher light-intensity condition (when 
cells may show the greatest stress due to light as cell density is lower) there also was no 
obvious difference between WT and the mutant. Interestingly, after growing at high light 
intensity, a move to photomixotrophic growth (with 5 mM glucose as a carbon source 
and light intensity at 50 µmol photons m-2 s-1) often was not tolerated by the fibrillin-
overexpression mutant, with the mutant bleaching sometimes within a few hours of 
placement in this growth condition (in which WT showed no such phenotype). However, 
it is unclear why this was the case or what this phenomenon may be related to since other 
analyses showed no obvious hindrances for the mutant strain or explanations for this. 
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Figure V-3. Growth for Wild Type vs. the Fibrillin-Overexpression Mutant. Shown is 
an example of growth rates at 250 µmol photons m-2 s-1 for WT versus the fibrillin-
overexpression mutant (F). “AirHL” refers to photoautotrophic high light growth. Here 
the mutant strain performed within the bounds of two WT cultures. At lower light 
intensity, the strains also showed similar growth rates. 
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Examination of subcellular structure through transmission electron microscopy 
(TEM) seemed to show no visible differences between WT and mutant strains. 
Interestingly, numerous large unidentified dark inclusions (Figure V-4, Top, white 
arrows) have appeared in some fixations in cells of both strains. Figure V-4 shows cells 
gathered from higher density cultures than usually evaluated by TEM, but this was the 
growth condition in which the most inclusions appeared (dark structures in Figure V-4 
shown with white arrows) and therefore had greatest potential to show quantifiable 
differences between strains if, in fact, fibrillins are associated with inclusions. Inclusions 
that are lipophilic might be expected to stain a dark color due to lipids being stained by 
heavy metal. However, if, during the staining and cutting process prior to microscopy, an 
inclusion falls out of the preparation, then a hole may remain in its place, which would 
give a colorless appearance. Overall, WT and the fibrillin-overexpression mutant did not 
appear to have different compositions observable by TEM (Figure V-4). These cells came 
from stationary phase growth at 200 µmol photons m-2 s-1. 
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Figure V-4. Transmission Electron Microscopy of Wild Type vs. Mutant. Shown 
are TEM images of WT (Top L) and fibrillin-overepression mutant (Top R). White 
arrows (Top) indicate unidentified darker inclusions present in both strains. WT 
and the mutant have similar ultrastructure without obvious repeatable differences 
found so far between strains obtained via different methods using TEM. Possible 
plastoglobules (black arrows) dot margins of cells in both WT (Bottom L) and the 
mutant (Bottom R). Scale bars are 0.2 µm (Top L, Top R, and Bottom L) and 0.1 
µm (Bottom R). 
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DISCUSSION 
When Cunningham et al. (2010) deleted both fibrillin genes from Synechocystis, 
the resulting phenotype was defined by increased stress under high light. Mutants showed 
slower growth as light intensity increased, and the mutant strain contained more 
carotenoids in the form of myxoxanthophyll, as well as lower photosystem I and 
chlorophyll content, in addition to a more disordered appearance in TEM (Cunningham et 
al., 2010).  
Because there were phenotyptic differences between WT and a fibrillin-deletion 
mutant, it was expected WT and a fibrillin-overexpresssion mutant would likewise show 
phenotyptic differences. In the case of the current study, however, this was not the case. 
The lack of apparent differences between WT and the fibrillin-overexpression mutant 
among several metrics suggests any of a few possibilities: (1) these proteins may not 
actually contribute substantially to viability and/or cell structure; (2) while transcription 
of at least slr1024 was enhanced this possibly did not result in protein overexpression; or 
(3) enhancement of plastoglobules may not be limited by slr1024 transcription. 
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CHAPTER 6 
CONCLUSION 
Molecular biology provides a powerful toolbox for evaluating multiple 
fundamental questions about physiology, bioenergetics, cell biology and approaches to 
metabolic engineering. In this research, I addressed a primary question regarding 
photosynthesis in cyanobacteria by modulating the level of cyclic electron flow around 
PSI that can occur. While modifications made in a laboratory may not sufficiently mimic 
selective pressures an organism might experience in the wild, results of this study showed 
that WT with its natural levels of PSI demonstrates a clear selective advantage in growth 
in dim light conditions, but reduced PSI levels may be beneficial for growth at high light 
intensity. WT displayed a substantial amount of CEF compared to mutants with less PSI, 
and fluorescence signals support the hypothesis that Synechocystis maintains discrete 
populations of PSI, likely some of which are appropriated for CEF. A future research 
direction could involve further inquiry into this question using, perhaps, 
immunocytochemistry visualized with transmission electron microscopy to identify 
specific locations of PSI proteins within a cell. Either way, it does remain unclear how 
comprehensive any patterns described here are throughout the cyanobacterial phylum, 
and it may be worthwhile to examine photosystem stoichiometries among strains with 
respect to environmental conditions from which cells were naturally derived.  
In dim light WT, with more chlorophyll than mutants contain, showed much 
greater capacity to capture photons than mutants with less PSI did. This is a feature that 
may be beneficial to and competitive for free-living, isolated cells in a natural condition. 
However, in synthetic conditions in which it is most desirable to cultivate dense cultures 
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of cells, the health of the entire population is of greatest interest for culture productivity. 
Research presented in this dissertation demonstrated the effect that varying levels of 
chlorophyll can have on primary photosynthetic productivity as determined by oxygen 
evolution, particularly with increases in light intensity. As light intensity increased, WT 
lost the advantage it had over mutants. Strains with less chlorophyll showed greater 
productivity as light intensity increased, with greater ability for light to penetrate cultures, 
which could have potential utility in strain design for bioreactor conditions.  
Deletion of flavoprotein 3 in laurate-secretion mutants and in WT enabled further 
insight into some mysteries around this protein. While extensive research in the past has 
demonstrated its importance in photoreduction of oxygen, the current research presented 
here synthesized some details about this complex that merit further explanation, such as 
oxygen evolution patterns. This research also shed light on how this deletion affected 
specific metabolites in a host-strain other than WT that is designed for synthesis of a 
biofuel product. Deletion of Flv3 clearly enhanced NADPH content, with a concomitant 
increase in laurate synthesis. While it is not entirely clear how well increases in laurate 
follow increases in NADPH, it may be worthwhile to determine how much NADPH 
enhancement is useful to laurate synthesis, and at what point no further benefits are 
gained. Since Flv3 is already deleted from these strains, and PSI content is already 
reduced in TdB3, further enhancements of NADPH to test this question would likely 
involve alteration of other metabolic pathways in Synechocystis, which would likely be 
coupled to carbon metabolism and downregulation of competitive pathways.  
While alkane biosynthesis may form a platform for metabolic engineering to 
enhance development of this class of hydrocarbons, it is still a pathway that requires 
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significant effort to realize this goal, such as protein engineering to enhance enzyme 
efficiency. Fibrillin overexpression did not provide for enhanced storage of cellular 
materials, but it did illustrate challenges in attempting to alter gene expression.  
This research revealed both the high degree of cyclic electron flow that occurs in 
Synechocystis and the adaptability of this organism to maintain healthy ATP levels. 
Ultimately what was revealed is the potential to use strains with lower levels of PSI to 
enhance culture productivity in bioreactors and to balance processes that lead to synthesis 
of important cofactors. Also, multiple promoters of varying strengths were developed that 
could be used in a variety of expression constructs. Furthermore, while deletion of 
flavoprotein 3 may result in less dissipation of excess photosynthetic electrons and 
reductive power, the enhancement of NADPH levels could be useful in metabolic 
engineering to produce compounds for which a significant amount of reducing 
equivalents are required. 
 
Outlook 
Optimized synthesis of heptadecane remains elusive, and overexpression of one 
fibrillin gene did not show enhancement of a desired structure. However, other genetic 
modifications presented in this work show great promise in both illustrating important 
facets of the biology of Synechocystis and photosynthetic systems, and in providing tools 
for metabolic engineering ready for direct deployment. 
Reduction in level of PSI content can enhance linear electron flow in 
Synechocystis and reduce cyclic electron flow, which may have utility in metabolic 
engineering efforts. A significant effect of this is that a reduction in chlorophyll 
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abundance associated with PSI is crucial to optimizing utilization of light energy for a 
culture as light intensity increases. Several candidate strains for deployment into 
photobioreactors for experimentation are made available by this research. 
Additionally, removal of flavoprotein 3 has now been shown by this research to 
enhance the cofactor NADPH in a manner that is consistent with enhancement of a 
desired product of metabolic engineering – lauric acid – synthesized by an NADPH-
intensive pathway. This, especially in conjunction with a desired level of PSI content, is a 
modification that also is available for further study or applications.
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Table A shows results of phenotypic characteristics in screenings of all mutant strains 
generated for the psaAB promoter mutagenesis study described in Chapter 2. 
 
  Table A. Fluorescence Emission and Chlorophyll Data for Mutant Screening. 
    
Grown at  
50 µmol photons m-2 s-1 
Grown at  
4 µmol photons m-2 s-1 
Strain 
Sequence 
modification 
Calculated % 
of PSI relative 
to WT from 
fluorescence 
emission 
Chlorophyll 
(µg/ml/OD730) 
Calculated % 
of PSI relative 
to WT from 
fluorescence 
emission 
Chlorophyll 
(µg/ml/OD730) 
V1 GGCCTA 56.11% 2.89 46.08% 2.39 
V5 TTTGAA 42.97% 2.30 31.79% 1.62 
D1 ACGTAT 13.92% 0.51 10.81% 0.66 
D3 AGAGTC 27.74% 1.64 13.06% 0.88 
D4 GGGAGA 25.90% 1.09 15.46% 0.44 
D6 GGCGCA 57.84% 2.74 60.16% 2.58 
D7 ATCAGT 21.04% 0.23 10.04% 0.50 
D8 CTTAGG 23.64% 1.57 9.30% 0.79 
D13 ATGCAG 25.57% 2.23 11.88% 0.80 
D14 TTCAAG 21.07% 1.37 10.88% 0.92 
D16 TTACAG 57.52% 2.47 54.21% 2.21 
A1 ATTAAC 20.60% 1.92 12.10% 1.08 
A2 TCCCAT 40.70% 2.67 20.78% 1.47 
A3 ACATGG 24.09% 2.29 12.51% 1.14 
A4 TATTTG 21.66% 1.77 12.97% 1.05 
A5 CGTAGT 24.04% 2.08 14.48% 1.32 
A6 CCCTCTA 36.82% 2.64 35.35% 2.21 
A7 AGGCGG 39.33% 2.54 33.42% 1.84 
A9 TTGCCT 61.67% 2.91 51.30% 2.66 
A10 AGACCT 14.08% 1.44 11.49% 1.00 
A11 CCAATA 36.27% 1.81 18.49% 1.13 
A12 AGTCCC 39.43% 2.22 23.77% 1.59 
A13 GTTCCT 40.51% 1.97 30.98% 1.81 
A15 GTTATT 33.41% 1.55 20.77% 1.21 
A16 GAAGCA 41.28% 2.13 21.02% 1.32 
B1 CCCTCA 28.37% 1.80 10.54% 0.92 
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Grown at  
50 µmol photons m-2 s-1 
Grown at  
4 µmol photons m-2 s-1 
Strain 
Sequence 
modification 
Calculated % 
of PSI relative 
to WT from 
fluorescence 
emission 
Chlorophyll 
(µg/ml/OD730) 
Calculated % 
of PSI relative 
to WT from 
fluorescence 
emission 
Chlorophyll 
(µg/ml/OD730) 
B2 GCCATA 45.32% 1.74 22.95% 1.89 
B3 TGGCTA 60.56% 2.83 78.22% 1.92 
B5 ATGCGT 37.57% 1.65 12.33% 1.08 
B6 TTCGCA 42.21% 1.68 36.80% 2.17 
B7 ATGATA 48.77% 2.17 48.32% 2.04 
B9 TAGGAA 36.92% 1.72 23.79% 1.74 
B10 GTTTGA 38.98% 2.12 25.68% 1.63 
B11 GTTTCC 36.37% 1.72 15.38% 1.34 
B12 AATCCA 39.79% 2.08 25.88% 1.61 
B13 TACTGC 29.22% 1.65 17.59% 1.13 
B15 TATGAT 42.12% 2.03 26.18% 1.86 
B16 ATTTTG 20.19% 1.31 8.30% 0.98 
C1 TAACAG 39.95% 2.20 30.32% 1.77 
C2 AGGTTT 31.78% 1.59 18.52% 1.11 
C4 AGTTGA 21.95% 0.76 - - 
C5 TGAACA 66.40% 3.04 47.09% 2.43 
C7 TAAGTA 31.08% 1.75 14.91% 1.17 
C8 GAGTTC 30.36% 1.53 33.92% 2.22 
C9 GAATTT 31.55% 1.63 15.73% 1.11 
C10 GGATGG 17.67% 1.21 17.43% 1.12 
C11 GCAAGC 30.23% 1.56 13.93% 0.90 
C12 GTGCTT 51.88% 2.32 48.43% 2.23 
C13 CTGAAC 26.77% 1.56 12.67% 1.00 
C14 GGCCGG 41.73% 1.99 45.39% 1.88 
C15 GAGCGC 25.38% 1.35 14.86% 0.84 
C16 AAAAGC 23.00% 1.51 11.86% 0.62 
Nat1 TAACAA 65.24% 3.08 65.50% 2.59 
WT           
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Table B shows growth characteristics of all mutant strains generated for the psaAB 
promoter mutagenesis study described in Chapter 2. 
 
Table B. Plated-Growth Characteristics for Screening of Mutants. 
    
Photoautotrophic plate growth, 25 
µmol photons m-2 s-1 
Photoautotrophic plate growth, 300 
µmol photons m-2 s-1 
Strain 
Sequence 
modification 
Days to 
growth Number of colonies 
Days to 
growth Number of colonies 
V1 GGCCTA 6 >or=200 4 100-> >or=200 
V5 TTTGAA 6 100-200-> >or=200 3 100-200-> >or=200 
D1 ACGTAT no no no no 
D3 AGAGTC 9 >or=200 7 6 
D4 GGGAGA 9 100-> >or=200 9 ~100 
D6 GGCGCA 6 >or=200 <or=4 >or=200 
D7 ATCAGT no no no no 
D8 CTTAGG 9 100-> >or=200 10 10->34 
D13 ATGCAG 12 164 no no 
D14 TTCAAG 5 20->44 no no 
D16 TTACAG 6 >or=200 <or=4 >or=200 
A1 ATTAAC 7 100-> >or=200 5 150->175 
A2 TCCCAT 7 >or= 200 <or=4 >or=200 
A3 ACATGG 9 >100-> >or=200 9 13->42 
A4 TATTTG 9 >100-> >or=200 7 100-> >or=200 
A5 CGTAGT 7 >or=200 5 100-200-> >or=200 
A6 CCCTCTA 7 >or=200 <or=4 >or=200 
A7 AGGCGG 7 >or=200 <or=4 >or=200 
A9 TTGCCT 5 >100 -> >200 no no 
A10 AGACCT 7-8 >50 ->  no no 
A11 CCAATA 5 >100 -> >200 4 >200 
A12 AGTCCC 5 >100 -> >200 3 >100 -> >200 
A13 GTTCCT 6 >100 -> >200 3 >100 -> >200 
A15 GTTATT 6 >100 -> >200 4 >200 
A16 GAAGCA 5 >200 4 >200 
B1 CCCTCA 7-8 >100 -> >200 7-8 >100 -> >200 
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Photoautotrophic plate growth, 25 
µmol photons m-2 s-1 
Photoautotrophic plate growth, 300 
µmol photons m-2 s-1 
Strain 
Sequence 
modification 
Days to 
growth Number of colonies 
Days to 
growth Number of colonies 
B2 GCCATA 9 >or=200 9 30->150 
B3 TGGCTA 9 >or=200 <or=8 >or=200 
B5 ATGCGT 9 >or=200 <or=8 ~150 
B6 TTCGCA 9 >or=200 <or=8 >or=200 
B7 ATGATA 9 ~150 <or=8 4->22 
B9 TAGGAA 10 100-> >or=200 <or=8 >or=200 
B10 GTTTGA 9 >or=200 <or=8 >or=200 
B11 GTTTCC 9 ~150 <or=8 >or=200 
B12 AATCCA 8 ~100 4 4-> >or=200 
B13 TACTGC 7 ~100 6 >or=200 
B15 TATGAT 7 >or=200 5 >or=200 
B16 ATTTTG >14 ? no no 
C1 TAACAG 7 >or=200 5 >or=200 
C2 AGGTTT 7 ~100 6 150-> >or=200 
C4 AGTTGA 11 >or=200 no no 
C5 TGAACA 6 >or=200 4 100-> >or=200 
C7 TAAGTA 7 >or=200 5 150-200-> >or=200 
C8 GAGTTC 7 >or=200 6 >or=200 
C9 GAATTT 7 >or=200 5 150-200-> >or=200 
C10 GGATGG 9 >or=200 7 10->15 
C11 GCAAGC 7 >or=200 5 >or=200 
C12 GTGCTT 7 >or=200 5 >or=200 
C13 CTGAAC 8 >or=200 6 >or=200 
C14 GGCCGG 6 >100 4 ?->200 
C15 GAGCGC 8 >or=200 <or=4 ~120 
C16 AAAAGC 10 100-200-> >or=200 no no 
Nat1 TAACAA 6 >or=200 no no 
WT   5 100-> ~120 3 100-> ~140 
 
